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Outline

Experimental motivation

1) electron-proton scattering:

near-forward and dispersive calculations

2) muon-proton scattering:

near-forward and dispersive calculations

3) 1S HFS in muonic hydrogen:

uncertain corrections, relation to electronic hydrogen



Lamb shift and hyperfine splitting in H
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Future projects

- ep elastic scattering at low Q2

PRad@]JLab

l =1.1 and 22 GeV

Q? = 0.0002 — 0.14 GeV?

ep scattering@MAMI

l =500 and 720 MeV

Q? = 0.002 — 0.02 GeV?

ISR@MAMI

w=0.2-0.5 GeV

Q? = 0.001 — 0.17 GeV? — 0.0002 GeV*?

Y

ProRad @ PRAE

' =30! 70 MeV

Q%> =10"°—10"* GeV?

ULQz@Sendai

' =201 60 MeV

Q? = 0.0003! 0.008 Ge\*

MAGIX@MESA

magnetic form factor



Future projects

- I p elastic scattering at low Q>:

MUSE@PSI COMPASS@CERN

w=1151 210 MeV w = 100 GeV
Q% = 0.0016! 0.08 Ge\? Q% =0.001! 0.2 GeV?
e and ! small structure effects

- universality test by lepton-pair photoproduction:

olete’ )+o(utu)

Ip -> Ilp@MAMI
w=05! 15 GeV I
Q* = 0.0018 — 0.042 GeV*
p pop

normalisation and proton structure errors are suppressed

olete )
below and above
muon threshold
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Scattering experiments and 2}

- 2% is not among standard radiative corrections
I 1! (1+ "rad + "soft + "2!)

- soft-photon contribution is included

L.C. Maximon and J. A. Tjon (2000)

- hard-photon contribution modelled by Feshbach correction

- charge radius insensitive to 2y model

( - magnetic radius depends on 2y model)

A1@MAMI: J. C. Bernauer et al. (2014)
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Elastic electron-proton scattering

and two-photon exchange



Elastic lepton-proton scattering and 2y

momentum transfer

>  — . .
2 — | | 1.1)2 : photon polarization
=tk k) (k) (k) parameter
crossing-symmetric 3
variable | forward scafters
(K.p+ p) o D ward scattering
UV = > »— | | 1
2
- leading 2¥ contribution: interference term
—_—
l 2 THITA
_ sqin
Y B T |2
M spin

[ - 2% correction to cross section is given by amplitudes real parts j
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Elastic lepton-proton scattering and 2y

1(K) 1(K')
_k+ k' p+ p'
K = = | P = =
P P
> p—

- electron-proton scattering: 3 structure amplitudes

2
Tnon—ﬂip _ €

e

M M?

PAM. Guichon and M. Vanderhaeghen (2003)

Iyl - N (gM(V> Q* )W — Fa(v, QQ)E + F3(v, QQ)KPM) Y

- real parts of all 2y amplitudes extracted at one point Q2=2.5 GeV?

J. Guttmann, N. Kivel, M. Meziane and M. Vanderhaeghen (2011)

Dm. Borisyuk and A. Kobushkin (2011)
I. A. Qattan (2017-2018)

( - 2% correction to cross section is given by amplitudes real parts j
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non-forward scattering
at low momentum transfer

v VvV

photoproduction vertex or Compton tensor

box diagram

assumption about the vertex
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non-forward scattering
proton state

2

Dirac and Pauli form factors

i n /“/qy
[4(Q%) = 1 "Fp(Q%) + o Fp(Q?)
bOX diagram ep scattering: P. G. Blunden, W. Melnitchouk and J. A. Tjon (2003)
assumption about the vertex violation of unitarity for resonances !
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non-forward scattering
inelastic states

works at small

scattering angles

v VvV

forward doubly-virtual Compton tensor

box diagram unpolarized proton structure
M. E. Christy, P. E. Bosted (2010)

proton + inelastic = total
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Low-Q? inelastic 2) correction (ep)

- 2 blob: near-forward virtual Compton scattering

Feshbach inelastic elastic

! b |

ep: Jay ~a Q% +bQ*InQ% +c Q*In” Q?

R. W. Brown (1970)

unpolarized proton structure

/ \i/I E. Christy, P. E. Bosted (2010)
bor = [ dund@(wr (v, Q%) Fi(0, Q) + wa(0, Q%) Fa(0,02))

1.5
Al@MAMI Al@MAMI
7 F @Emb h 1 Q2 =0.25 GeV2 Feshbach
........... eS aC eccccccccce
——=— box diagram model Lod T, ——=—- box diagram model
N R S total 2
S 1.0 [T total 2 X2 \ ................
et aittimnG™ —
[\
' B
0.5-
Q% =0.05 GeV*
1 1~ T ~ T T "~ 1T "~ T " 1T |

1 02 03 04 05 06 07 08 095 10 01 02 03 04 05 06 07 08 09 10

O. T and M. Vanderhaeghen (2016)

[ - 2% at large ! agrees with empirical fit J
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non-forward scattering
at low momentum transfer

photoproduction vertex or Compton tensor

box diagram dispersion relations

assumption about the vertex based on on-shell information
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Fixed-Q?2 dispersion relation framework

on-shell 1y amplitudes 2% prediction

600 —, ‘ ‘ ‘ y x x 0.02 T T T
< 0
500 F _U_Uz
= _0.04
400 1 0.06
Eﬁ 100 s -0.08
S “‘D‘_f ﬂ_l
© 012
200 . —_ v
= L0.14
100| 0.16

-0.18 ! ! !

° ‘ > | 0 2 1 6 R 10
0.2 0.4 0.6 0.8 1.0 1.2 1.4 ()2 -(_}e\_..g-l

v [GeV]

[ experimental data J elasticand "N (cross section correction]

unitarity RE() = 2P / * OSFE +i0)

T V’2 _ V2

min

disp. rel.
[ 2¥ imaginary parts ] —_—P 2% real parts ]
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Fixed-Q?2 dispersion relation framework

on-shell 1y amplitudes

600 —

500 |

0.2 0.4 0.6 0.8 1.0 1 14
v [GeV]

[ experimental data J

unitarity

[ 2¥ 1lmaginary parts ]

2 prediction

0.02 T I T
)
-0.02
-0.04
-0.06
-0.0%8
0.1
-0.12
-0.14
0.16
-0.18 |

- -'2 \
drer(Q%,e=10)

Q? Gev?

elastic and " N (cross section correction]

00 I
RF(v) = 2P / SFW +40) 4,

T V’2 _ V2

min

disp. rel.

—_—P 2% real parts ]

Dm. Borisyuk and A. Kobushkin (2008-15)
16 O.T and M. Vanderhaeghen (2014-17)



Mandelstam plot (ep)

Q2, GeVz .
S = (M + mﬂ')Ql.O'
s = M?
\ ~ 0.8
\
N\
\ 0.6-
\ 1
\\
N 044 - unitarity relations
\\ | - work in
\ - hysical region
\0.2- Pity 5
\ :
\
10.2 \ = 02 0.4 ", GeV?

elastic threshold inelastic threshold

d ; ; ; . ; ; R
- proton intermediate state is outside physical region for Q> > o

- "N intermediate state is outside physical region for Q2 > 0.064 GeV2
J

17 O. T and M. Vanderhaeghen (2014)



Analytical continuation. N states

- pion electroproduction amplitudes: MAID2007
D. Drechsel. S. Kamalov and L. Tiator (2007)

- analytical continuation: fit of low-Q? expansion in physical region

G1,2(s, Q2)7 Q2~7:3(87 QZ) ! a1Q2 In Q2 + a2Q2 + a3Q4 In Q2 + ...

s =1.6 GeV?

1N e 4-parameter Pt %
"0.15+ | ——— 6-parameter bt \,
| == !N A
| N
0.20 — I
0 0.5 1.0
Q?, Ge\?

physical

unphysical

/\ resonance

[
[
0 - [
[
[
005+ |
[
[
~0.10 :
| box diagram model
015 : — —— 4-parameter fit
| === 6-parameter fit
| weighted A
~0.20 ' T
0 0.5 10
Q?, GeV?

( - uncertainty: extrapolation + large invariant masses )
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Mandelstam plot (ep)

Q?, Ge\#
s = (M + mz)*1.0-
" 0.8-
0.5-

0.4- unitarity relations

) work in
0.2- physical region
10.2 S 0.2 0.4 " Ge\

inelastic threshold

( - " N intermediate state is outside physical region for Q? > 0.064 GeV> )
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Mandelstam plot (ep)

Q% GeV
s=(M+m)’10{ s=1.6GeV
° . ‘\‘
o.. \
~ 0.8- \
\
o.. \
0.6- ]
. \
. \,
0.44 . \ unitarity relations
- ¢ work in
\ : :
\ Pphysical region
0.2 :
\‘
\‘
; \
10.2 ~ 0.2 0.4 ", GeV

inelastic threshold

( - " N intermediate state is outside physical region for Q? > 0.064 GeV> )
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Mandelstam plot (ep)

Q% GeV
s=(M+m)’10{ s=1.6GeV
° . ‘\‘
o.. \
~ 0.8- \
\
o.. \
0.6- ]
. \
. \
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) work in
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0.2- R <)
\‘
; \
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inelastic threshold

( - " N intermediate state is outside physical region for Q? > 0.064 GeV> )
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Analytical continuation. N states

- pion electroproduction amplitudes: MAID2007

D. Drechsel. S. Kamalov and L. Tiator (2007)

- analytical continuation: fit of low-Q? expansion in physical region

gl,2(87

s =1.6 GeV?

1N : ----- A-parameter bt \\
"0.15+ | ——=— 6-parameter pt \,
| e | \,
| N A
0.20 — I
0 0.5 1.0
Q?, Ge\?

Q?), Q*F3(s, Q%) a1Q*InQ* 4 a2Q? + a3Q* In Q* + ...

hysical unphysical
0.05 p y | p y
. /\ resonance
-0.05 H
-0.10 A
box diagram model
0154 — — = 4-parameter fit
| === 6-parameter fit
| weighted A
020 : I
0 0.5 1.0
Q?, GeV?

( - uncertainty: extrapolation + large invariant masses )
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o1, %

"N in dispersive framework (ep)

0.02+

0.01+

----- - I'N, unsubtracted dispersion relations

-
- 0 °
- C ®
_..
.-—"- °°
—no‘
- 0 ®
o ®

—— I'N, near-forward from structure functions /

" 0.01+

Q% = 0.005 GeV

0.5

P3

1.0

g
- dispersion relations
agree with near-forward
at large !
\_




"N in dispersive framework (ep)

----- - I'N, unsubtracted dispersion relations
| —— I'N, near-forward from structure functions / -
- dispersion relations
e = agree with near-forward
o e at large !
./,. .
{1 7 5
i Q? = 0.005 GeV*
!
'. I I I I I I I I I
0 0.5 1.0

[ - "N is dominant inelastic 2)% )

P4

Q?=0.05 GeV*

Al@MAMI
— elastic

elastic +' N
total 2', near-forward

| ' | | |

0.4 0.6 0.8
#

O. T, B. Pasquini and M. Vanderhaeghen (2017)



do ~

2Re

2% from experiment
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0.98

ComEarison with data

1 ( n ) ° OLYMPUS (2016)
— ' € " "
RQ! — | I p l 1 2 ol seseseessense Feshbach
i ' (e p) ——— elastic
R — elastic +' N
cmm = e — total 2", near-forward
— T —— — T — *\,—thzt
- :: ...................... ! TR ) I, S SR
I =2 GeV
_ + 4+ 1+ I uncorr. + corr. uncertainties
T Maximon and Tjon IR prescriptioln
1 | ' |
0.8 0.9 1.0
# O. T, B. Pasquini and M. Vanderhaeghen (2017)
( )
- near-forward 2) agree with data
- multi-particle 2¥, e.g. ™ N, is important
. y,
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1.0

0.5

%

0

105

1'1.0

ComEarison with data

O elastic

v elastic + N

*x  total 2,

near-forward

i

CLAS (2016)

1T %

VEPP-3 (2015) E v

C +v

— 71 * T ~ 1 1 - 1T 1T 1
02 03 04 05 06 07 08 09 1.0

Q?, GeV?

( - dispersion relations agree with CLAS data )

p7

O. T, B. Pasquini and M. Vanderhaeghen (2017)



Our best 2y knowledge

2.0 I I
| : : — AlI@MAMI
\ | | — elastic +! N
1o '\ | | —— total 2", near-forward
\ | | . .
1 "« | | ——=—Interpolation
. .°\ I I
- s I
1.0 | 02 =0.1 Ge\?
=
0.5- |
| —
1 dispersion e
relations near-forward
O 1 1 1 I 1 I 1
0 0.2 0.4 0.6 0.8 1.0
ees

.

g
- small Q2 near-forward at large ! , all inelastic states

~

- Q2! 1 GeV2: elastic+" N within dispersion relations

- intermediate range: interpolation
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Elastic muon-proton scattering

and two-photon exchange

P9



Elastic muon-proton scattering

- Charge radius extractions:

eH, eD spectroscopy ep scattering

' H, ! D spectroscopy | p scattering °¢r0¢

- I p elastic scattering is planned by MUSE@PSI(2018-19)

measure with both electron/muon charges

- three nominal beam energies: 115, 153, 210 MeV, Q2< 0.1 GeV?

(- 2x correction in MUSE ° )

BO



Elastic lepton-proton scattering and 2y

1(K) 1(K')
_k+ k' p+ p'
K = = | P = =
P P
> p—

- electron-proton scattering: 3 structure amplitudes

2
Tnon—ﬂip _ €

e

M M?

PAM. Guichon and M. Vanderhaeghen (2003)

Iyl - N (gM(V> Q* )W — Fa(v, QQ)E + F3(v, QQ)KPM) Y

( - 2% correction to cross section is given by amplitudes real parts j
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Elastic lepton-proton scattering and 2y

1(K) 1(K')
_k+ k' p+ p'
K = = | P = =
P P
> p—

- electron-proton scattering: 3 structure amplitudes

2
Tnon—ﬂip _ €

e

M M?

PAM. Guichon and M. Vanderhaeghen (2003)

Iyl - N (gM(Va Q* )W — Fa(v, QQ)E + F3(v, QQ)KPM) Y

- muon-proton scattering: add helicity-flip amplitudes

TO :égw 40 Fa(,Q)+ Fs(, Q)b N+ é%&(! Q)P 5l & 5N

M. Gorchtein, PA.M. Guichon and M. Vanderhaeghen (2004)

( - 2% correction to cross section is given by amplitudes real parts j
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non-forward scattering

photoproduction vertex or Compton tensor

box diagram dispersion relations

valid at small scattering based on on-shell information

B3



MUSE@PSI (2018-19) estimates (up)

- proton box diagram model + inelastic 2)

1.0
Lod T box diagram model, wp _.
. total, M_p ////
————— total, e’p .- -
X - X
c\% ./‘/‘/‘ CE{ 07
0.5 P S
7 s
e - ————\ j
./ “ T y
17
K=115 MeV k=210 MeV
0 : I : | : | : | : 0 ' | ' | : | :
0 0.005 0.010 0015 0.020 0.025 0 0.02 0.04 0.06 0.08
Q?, GeV? Q?, GeV?

O. T and M. Vanderhaeghen (2014, 2016)
- expected muon over electron ratio

® 153 MeV./c

B 210 MeV/c

small inelastic 2)%

\

small 2y uncertainty

G:.‘Ep)'GE icp
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9
el 3
-
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395 Seresseise e s me simsiesEetEsIESEe EeiE - - aiee sessesreiisisem monimmesBerorserdreseeioein = = EEETREY TR SR
3

~\

|

.
- MUSE can test regin

(points offset for plotting)

L ) | [ L ) I 3 L L ) l L L L | 1 i 1 ) | [ ) | L L L
. one Charge Channel ) ) 001 ©02 003 0G4 005 006 067 0.08
Q* (GeV?E)

B4 K. Mesick talk (PAVI 2014), MUSE TDR (2016)



Dispersion relation approach?

- proton state contribution to 2y:

box diagram model

———unsubtracted dispersion relations
0.5-

k=153 MeV

1 1 I
0 0.01 0.02 0.03
Q2, GeV?

- problematic amplitude: F;4

0.04

unsubtracted approach

violates low-Q2 behavior

CE=D

O. T and M. Vanderhaeghen (2018)

@ aeN

structure

( - dispersion relation approach requires a subtraction )
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COMPASS proton radius experiment

- elastic up scattering at SPS with 100 GeV beam

- measure G, + 7Gy; at forward angles

- test runs in 2018 and 2021; data taking in 2022

B6



COMPASS proton radius experiment

- elastic up scattering at SPS with 100 GeV beam

- measure G, + 7Gy; at forward angles

- test runs in 2018 and 2021; data taking in 2022

2% corrections?

- Feshbach correction (+ recoil)

02y = % (1 + %) -> 2-3 orders below MUSE

- inelastic states: kinematically enhanced

( - sub per mille level of 2y in COMPASS kinematics )

B7



Hyperfine splitting in ordinary

and muonic hydrogen

B8



Uncertain corrections to pH HES

4 2,2
2y - 8a™ M*m*® pup
OByrs = Aursbr B = S ) 8
| H ©
before 2017 | * |
| 2 :
L - |
L . |
| v 1 v 1
#7.0 #6.5 #6.0
10°" HEs
O expected 1ISHFS InH %k Carlson et al. ® Pachucki

% 2S HFSin H, CREMA m Martynenko et al.

- axial-vector meson exchange: 110 = 28 ppm

Martynenko et al. (2017)

( - reduction of uncertainty is needed )
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HXEerfine splitting correction

- traditional decomposition of 2!:

R ol
! Hps = | 7+ 1P

/ l

Zemach term polarlzablhty
recoﬂ correctlon
Gy , 02
- leadlng correction:
I 1+ 24) 'RR 24)
o 8 m, d@Q Gu @° Gg @ |1

- Z — "
Q? /P
0

- uncertainty budget:
> 100 ppm <10 ppm 100 ppm
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Zemach correction in HH

- Zemach correction expanding form factors:

I t_ oP t_ oP ’v &L
o _8m - dQ Gw Q°Ge Q' | AmQo | o, o, TEM
- Z n Q2 IJ,P - 3" - E - M 18 0
Qo extraction of radii by Karshenboim (2014)
- dependence on splitting: consistency check
------------------------------ K-~~~ === —————————————-
$7.3- dependence ondQ 7.3
- _____C Rp———

N

$7.5- _ $7.5- dependence on{Q
re from ep scattering ——— 1, Q=0
L] I L] I L] I L] L] I L] I L] I L]
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08
Q§, GeV? Q3, Ge\?
O. T (2017)

- 95 ppm change for ! H and ep radii with Qo= 0.2 GeV

r . ) N
- 1.5-2 times more precise

Q? < 0.6 GeV*: 995 %

- magnetic radius is equally important
L 8 q y ump )
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2% correction in eH 1S HES

- measurements of 1S HFS in eH (21 cm line):

vars (H) = 1420.4057517667(9) MHz 1970th

u2



2% correction in eH 1S HES

- measurements of 1S HFS in eH (21 cm line):

vars (H) = 1420.4057517667(9) MHz 1970th
-accuracy 1072 - precise extraction of 2y
, - , radiative
€H A1@QMAMI data . J . corrections
| | Eides et al. (2008)
' ¥ ' Martynenko et al.
I - I
€Iror
—— I
| ' | ' | ' o HFES
-34 -33 -32 -31
10° Aggs
> using Rg from ep B AP Faustov et al.
d using Rg from puH B A“+AR, Bodwin et al.
% Carlson et al. % 1S HFS measurement

( - dispersive evaluation and phenomenological extractions agree )
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HXEerfine splitting correction

- traditional decomposition of 2!:

R ol
! Hps = | 7+ 1P

/ l

Zemach term polarlzablhty
recoﬂ correctlon
Gy , 02
- leadlng correction:
! ! + 2\]) + 2\])
8 m, d@Q Gu @Q° Gg Q
l — 1 Apol ~ TNy

- Z — " )
Q? /P
0

- uncertainty budget:
> 100 ppm <10 ppm 100 ppm

44



HXEerfine splitting correction

- traditional decomposition of 2!:

R ol
! Hrs = | 1=+ 1P

7

Zemach term polarizability
recoil correction
Ge, Gum Ge. Gy Fo, 01, O
- leading correction: | v oo o w
| _8'm, d@ Gwm Q* Gg Q2|1 A -
L " Q? pp | pol "
0
- uncertainty budget:
>100 ppm <10 ppm 100 ppm
- I H splitting from eH:
mr(mu) my(m )
| H) = eH
HFs (UH) mo(mg) HFS (eH)+ Alfrg (m),) — e () Alfrs (me)

( - Zemach correction vanishes and polarizability term is almost o ]
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2¥ correction in pH from eH HEFS

100-200 ppm 20 ppm 01
! H PP PP
: > :
: < :
| - |
| o :
| i |
| O |
| b I b I
#7.0 #6.5 #6.0
| | 10°" Hes
O with 1S HFS in eH O Pesetetal. B Martynenko et al.
> using R: from ep % 2S HFS in H, CREMA @ Pachucki
4 using R from! H % Carlson et al.

( - error of 2! is significantly reduced )
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2¥ correction in pH from eH HEFS

100-200 ppm 49 ppm HOH
| H
| > I
A1@MAMI data
| > I
| e |
| o |
| ® I
| - | - |
#7.0 #6.5 #6.0
10° " pFs
O with 1S HFS in eH [0 Peset et al. B Martynenko et al.
> using Rg from ep % 2SHFSin! H,CREMA @ Pachucki
d using Rg from ' H % Carlson et al.

( - precise S-level HFS prediction ) O.T. (2018)
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1S HFS in EH

- scaling of axial-vector meson contribution:

mr(mu)
m;(me)

! Hrs (MH) = Hrs (€H)+ Afpg (my,) —

- contributions to HFS:

contribution, ppm uncertainty, ppm

X =p (Zemach) 0 0

X = p (recoil) -143.1 3.2

X =p,"N,...(polarizability) 9.4 19.1
leading proton structure -133.0 20

higher-order pr. structure ? 40-70
axial-vector meson (f}, a,, ...) -2 0.5

- 2! + fermion line, 3! ~ 100 ppm ° non-forward 2! ¢
EfE® =182.625+ 0.012 me\ ESS® =22.8132+ 0.0015 me\
( - precise S_level HFS prediction ) within error of Peset et al. (2017)
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Conclusions

largest theoretical uncertainty

Y Y —

in low-energy proton structure

- total 2! estimate in ep and ! p: proton-+inelastic states

- dispersive framework in ep: elastic and " N

- dispersive framework in ! p: elastic; expect MUSE data

- precise S-level HFS in ! H from 1S HFS in eH
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Thanks for your attention !!!
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Connection between eH and pH

- saturation of Q-integrals:

Al Qmax
Ri _ (Qmax)

oo
) = [ 1@/ [T
0 0
- Zemach correction: proportional to reduced mass
1.2 1 2]
1.0 Lo /
0.8+ 0.8+
S s
o’ 0.6+ 2 06~
0-4—- 'H 0_4_- I H
- eH - eH
0.2- 02- L2+ 1 P m,
0 : | : | : | : | : 0 : | : | |
0 0.1 0.2 0.3 0.4 0.5 1 2 3
Qmax GeV Qmax GeV
m¢(my) h my(mMy),
' s (MH) = | s (€H)+! fes (M) ! ' Hrs (Me)
HFs (K HFS + HFs M) - HFs \Ille
mr(me) mr(me)
( - Zemach correction vanishes and polarizability term is almost O )
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Lamb shift 2% correction. Forward VVCS

2¥ blob - forward virtual Compton scattering

p ; p

Optical theorem

ImT;! F4 ImT>! F> Im S1 ~ 0 Im Sy ~ g9

Fixed-Q? dispersion relations

Disp. rel. for amplitude T, requires

subtraction function T$H(0,Q%) ! T1(0,Q%) " T7°"(0,Q%)

Unsubtracted disp. rel. works for T2, S1, S
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Empirical estimate of subtraction function

Subtract Regge behavior + DR + resonance region and DIS data

G. Gasser, H. Leutwyler et al. (1974, 2015) M. Gorchtein et al. (2013) 1. Caprini (2016)

expected low-Q? behavior
TSUPT (0, Q%) = ! (Q?)Q? 1 (0) = ! v - magnetic polarizability
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Empirical estimate of subtraction function

Subtract Regge behavior + DR + resonance region and DIS data

G. Gasser, H. Leutwyler et al. (1974, 2015) M. Gorchtein et al. (2013) 1. Caprini (2016)

expected low-Q? behavior

TSUU (0, Q%) = | (Q?)Q? 1 (0) = ! v - magnetic polarizability
data-based result VSs. theoretical predictions
4 —— Thesis result

— Birse et al.

w3 ——— BCHhPTIN+" +1I"
- #v, PDG 2014
& 2
©
g—
B
- 0 \
$1- K

] ] I ] ] ] ] ]
0 01 02 03 04 05 06 07 08 09 10

(52, GeV? O. T and M. Vanderhaeghen (2016)
Lamb shift correction slightly smaller than Birse et al.
(! ESUPt(uH) | 2.3+ 1.3 ueV) | ESUPt(UH) | 4.2+ 1.0 peV
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