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® electron-proton scattering
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Different methods to determine
the proton charge radius

O Spectroscopy of O Electron-proton

hydrogen (and scattering
deuterium)

Stuﬂies of ?Ca’(tjtering need
ey - theory of radiative
O The L?mb shift in corrections, estimation
muonic hydrogen of two-photon effects;
the result is to depend
on model applied to
extrapolate to zero
momentum transfer.

Spectroscopy produces a
model-independent
result, but involves a lot
of theory and/or a bit of
modeling.



Different methods to determine

the proton charge radius
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The proton charge radius:
spectroscopy vs. empiric fits
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Lamb shift measurements in

microwave

O Lamb shift used to be
measured either as a
splitting between 2s;,,
and 2p, (1057 MHz)
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Lamb shift measurements in
microwave

O Lamb shift used to be
measured either as a 2P55
splitting between 2s,,, 25, /
and 2p,, (1057 MHz) or a A
big contribution into the |
fine splitting 2ps, — 2s4, ,’
11 THz (fine structure). Il

|

2pl/Z

Fine structure:
11 050 MHz
(RF)




Lamb shift measurements in
microwave & optics

O Lamb shift used to be
measured either as a 2D3,
splitting between 2s;,,
and 2p;,, (1057 MHz) or S RF
a big contribution into r
the fine splitting 2ps, —
2s.,, 11 THz (fine 2Py
structure).

O However, the best result
for the Lamb shift has 1ls - 2s:
been obtained up to Uv
now from UV transitions
(such as 1s — 2s).

———x————
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Two-photon Doppler-free
spectroscopy of hydrogen atom

Two-photon spectroscopy  All states but 2s are broad
because of the E1
m—> "’ - decay.
vk vk The widths decrease with
Increase of n.

is free of linear Doppler However, higher levels
effect. are badly accessible.

That makes cooling Two-photon transitions
relatively not too double frequency and

important problem. allow to go higher.



Spectroscopy of hydrogen
(and deuterium)

Two-photon spectroscopy
involves a number of
levels strongly affected
by QED.

In “old good time” we had
to deal only with 2s
Lamb shift.

Theory for p states is
simple since their wave
functions vanish at r=0.

Now we have more data
and more unknown
variables.



Spectroscopy of hydrogen
(and deuterium)

Two-photon spectroscopy The idea is based on

involves a number of theoretical study of
levels strongly affected A(2) = Lqg — 23% Ly,
by QED. which we understand
In “old good time” we had much better since any
to deal only with 2s short distance effect
Lamb shift. vanishes for A(2).
Theory for p.statec ic Thonm: Af n and A Atatan in

. : | The Lamb shift in the hydrogen atom
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Spectroscopy of hydrogen
(and deuterium)

Two-photon spectroscopy
involves a number of
levels strongly affected
by QED.

In “old good time” we had
to deal only with 2s
Lamb shift.

Theory for p states is
simple since their wave
functions vanish at r=0.

Now we have more data
and more unknown
variables.

The idea is based on
theoretical study of

A(2) = Ly — 23 Ly,

which we understand
much better since any
short distance effect

vanishes for A(2).

Theory of p and d states is
also simple.

That leaves only two
variables to determine:
the 1s Lamb shift L, &
R..
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Fig. 8. Progress in determination of the Rydberg constant by means of two-photon
Doppler-fres spectroscopy of hydrogen and deuterium. The label ©ODATA stands
for the recommended value of the Rydberg constant K. (1998) [21] from Eq. (12).
The mast recent original value is a preliminary result from MIT obtained by mi-
crowave means [37].

Spectroscopy of hydrogen
(and deuterium)
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Fig. 9. Measurement of the Lamb shift in the hydrogen atom. The most accurate
experimental result comes from a comparnison of the 1s — 28 interval measured
at MPC) (Garching) [3%] and the 2s — ws/d intervals at LKR (Paris) [30], where
7 =18,10,12 {s=e also [33] for detail). Three more results are shown for the average
values extracted from direct Lamb shiff measurements, measurements of the fine
structure and a comparison of twe optical transitions within a single experiment
(i.e., a relative optical measurement). The filled part is for theory. Theory and
evaluation of the experimental data are presented according to Ref. [36].
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Lamb shift (2s., — 2p.,)
in the hydrogen atom

Uncertainties: There are data on a

O Experiment: 2 ppm number of
o QED: <1 ppm transitions, but

| most of them are
O Proton size: 2 ppm correlated.



H & D spectroscopy

O Complicated theory
O Some contributions

are not cross
checked

O More accurate than

experiment

O No higher-order
nuclear structure

effects
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eeoe | H&D spectroscopy
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intended to be read.
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H & D spectroscopy

O Complicated theory
O Some contributions

are not cross
checked

O More accurate than

experiment

O No higher-order
nuclear structure

effects

v (s — 28) = %mr {1

851
12288

[15(lj+384([)+ M)+'1

me 1B, 17, . }
Be (L1 2(Za)? - —(Za)* +...
mp [ gq (Za)” - gp(&e)

(52 [+ =]
() -+

(Za)® me [ 701 8 64 12
I In ko(2s Inko(1 In2
m gl 0 (Zay Do roe) it glukn(le) =T Rlnd= g

2
(Za)® (e [7 1 8 64 SSU]
22 |l —— + = Inko(2s) — — Inkg(ls) + 112In2 + —
w \mp) |3 @ t 3 bo(@)— g inko(ls) + 122+ 7| +
a 28 1 4 32 266
Za)? (=201 — — log ko(2 log ko(1s) —
7[E a) [ v n(Zm)2 38 0(2s) + 9 B o(1s) 1:&3}
a me [28 1 4 32 14
Za)? [ 1 log ko(2s) — —- log ko(1 }
FEe e | 310 gay + 3 o ko(Ze) — 3 logko(ls) + 5
2
a, o me 56 1 8 64 14
;(m.) (E) [771.;(&7112 3 log ko(2s) + & log ko(1s) — =
3 [14 2989
o(Z: 3[ log 2 ]
a(Za)’ | 3 los2 - S50
298¢
o Za)d T [714 log2 + ‘“}
mp a6
« 7 1 208 347
Za)t |- In? (7 In2+ )l 71‘(‘2(‘071}
7r( o) [8 n (Za) + 9 n 90 n (Za)? -+ 326! -+

81 1944 4

2 5 21 70x 15253 :
(3) (gayite. | Moy 0715353, 03 gy
m my | 2 27 648 4

2 ; 7 . 70x? 15253 21
(:) (Za)? [7‘,#\"“ G R0

a 2
50.2976(—) (Za)®
P
ay? 6. 4 1 1. 4 1
= Z“[—l" s+ =l ——
(ﬁ) o) | oy T 2™ (Zay2
246337  385a°

32400 81

- s .
L0 ™z % In?2 34 345333) In

1
(Za)?

+ 147(25)] Ea.

In

(a ) B (Z")z |i7 248659831 " 17657572 1113774 7952 i L}Jﬁz{]ﬁlnz In2

279936 20160 9720 27
167372 497 588497 847a2 595

log®2+ ——log?2 3 3) - —¢(5
105 108 2t 1o 2t T ) g <@ - 25 <) +

a(Za)® me {3136 _ 2wt | ldn?
3

. o M
= =t In2 - 146(3) — -(Za) In ]

72 my (Za)?

E(Z.y)z (m,.cfc,, )’1
9 n

}



‘ Proton radius from hydrogen
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Optical determination of
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‘ Proton radius from hydrogen
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‘ Proton radius from hydrogen
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The Lamb shift in muonic
hydrogen

O Used to believe: since O Scaling of contributions

a muon is heavier than ® nuclear finite size

an electron, muonic effects: ~ ms;

atoms are more ® standard Lamb-shift

sensitive to the nuclear QEDandits
truct uncertainties: ~ m;

struc u_re' ® width of the 2p state: ~

O Not quite true. What is m;

important: scaling of ® nuclear finite size effects

various contributions for HFS: ~ m3

Wlth m —Esz

rf fransiticn (fine structure)

i
25 | ——— f transition (Lamb spitting)

e 2py;

two-photon uv transtion (gross structure)
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The Lamb shift in muonic
hydrogen: experiment

The size of the proton

Randolf Pohl', Aldo Antognini', Francois Nez?, Fernando D. Amaro’, Francois Biraben?, Jodo M. R. Cardoso?,
Daniel S. Covita®!, Andreas Dax’, Satish Dhawan’, Luis M. P. Fernandes®, Adolf Giesen®f, Thomas Graf®,
Theodor W. Hansch', Paul Indelicato?® Lucile Julien?, Cheng-Yang Kao’, Paul Knowles®, Eric-Olivier Le Bigot?,
Yi-Wei Liu’, José A. M. Lopes?, Livia Ludhova®, Cristina M. B. Monteiro®, Francoise Mulhauser®}, Tobias Nebel’,
Paul Rabinowitz’, Joaquim M. F. dos Santos®, Lukas A. Schaller®, Karsten Schuhmann'®, Catherine Schwob?,
David Taqqu'’, Jodo F. C. A. Veloso" & Franz Kottmann'?

2p
laser

23
X=ray
1s

Fig. 16. Level scheme of the PSI experiment on the Lamb shift in a mucnic hydrogen
[#5] inot to scale). The hyperfine structure 1s not shown.
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effect:
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Figure 1| Energy levels, cascade and experimental principle in muonic
hydrogen. a, About 99% of the muons proceed directly to the 185 ground

state during the muonic cascade, emitting ‘prompt’ K-series X-rays (blue).

1% remain in the metastable 2S state (red). b, The pp(2S) atoms are
illuminated by a laser pulse (green) at ‘delayed’ times. If the laser is on
resonance, delayed K, X-rays are observed (red). ¢, Vacuum polarization

dominates the Lamb shiftin up. The proton’s finite size effect on the 28 state
is large. The green arrow indicates the observed laser transition at 2 = 6 pm.

The Lamb shift in muonic
hydrogen: experiment
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otk . wﬂ_
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Figure 4 | Summed X-ray time spectra. Spectra were recorded on resonance
(a) and off resonance (b). The laser light illuminates the muonicatoms in the
laser time window t € [0.887, 0.962] us indicated in red. The ‘prompt’
X-rays are marked in blue (see textand Fig. 1). Inset, plots showing complete
data; total number of events are shown.



The Lamb shift in muonic
hydrogen: experiment

H " Our value

ODATA-06
i

-
II|I

H.O calibration Ll

Delayed / prompt events (10-4

1 1 | 1
49.75 49.8 49.85 49.9 49.95

U | 1 1 1 | | 1 1 1
Laser frequency (THz)

Figure 5 | Resonance. Filled blue circles, number of events in the laser time
window normalized to the number of ‘prompt’ events as a function of the
laser frequency. The fit (red} is a Lorentzian on top of a flat background, and
gives a ;{zhl.f'. of 28.1/28. The predictions for the line position using the
proton radius from CODATA? or electron scattering? are indicated (yellow
data points, top left). Our result is also shown (‘our value’). All error bars are
the =1 s.d. regions. One of the calibration measurements using water
absorption is also shown (black filled circles, green line).



# AFE [meV] Ref.
Unperturbed quantum mechanics

0 —0.050 88 Table I

Specific QED

1 205.026 12 Table 11

2 1.658 85 Table 11

3 0.007 52 Table 11

4 —0.000 89(2) Table 11

5 —0.002 54 Table 11

6 —0.001 52 Table 11

Re-scaled QED
7 —0.667 69 Table IV
8 —0.044 97 Table 1V

Theoretical summary

Proton-line QED

9 —0.01041 Eq. (12)
Proton-finite-size

10 |-5.1974 17 Table V

12 |—0.0282 72 Table V

13 0.0006 r;, Table V

14 0.063 54 r2 — 0.0259(35) [Table VI
Proton polarizability

15 0.0088(21) Eq. (31)

Hadronic VP
16 0.0106(10) Eq. (35)
Total| 205.9067(42) — 5.1620 7,

Max-Planck-Institut fiir Quantenoptik, Garching 85748, Germany and Pulkovo Observatory, St. Petersburg 196140, Russia

Theory of Lamb Shift in Muonic Hydrogen

Savely G. Karshenboim?

Evgeny Yu. Korzinin and Valery A. Shelyuto

D. I. Mendeleev Institute for Metrology, St. Petersburg 190005, Russia

Vladimir G. lvanov
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The Lamb shift in muonic
hydrogen: theory

# | Contribution Our selection Pachucki™ Borie®
P — Ref. Value Une. Value Une. Value Unc.
il ; ected) 1-3,5 0.0169
3 | Relgbissabe = : » 205.0282 205.0282 ) _ 2 — 3
NR two-loop electron VP N 1.5081 1.5079 1.5081 — —_
5 Polarizaﬁonﬁnseﬂion in two Coulomb lines %3 0.1509 0.1509 0.1510 &ELS - 206'05:}' 3(45) 5'2262 rp D '0341}' rp me
R three-loop electron VP ] 0.00529
7 | Polarisatie 11,12 0.00223
and three Coulomb lines (corrected)
8 | Three-loop VP (lotal, uncorrected) 0.0076 0.00761
9 | Wichmann-Kroll 515,16 —0.00103 ~0.00103
10 | Light by light electron loop contribution 6 0.00135  0.00135 0.00135 0.00015
(Virtual Delbrick scattering)
11 | Radiative photon and electron polarization 1.2 —0.00500 0.0010  -0.006 0.001 —0.005
in the Coulomb line a?(Za)*
12 | Electron loop in the radiative photon 17-19 —0.00150 ]
O Discrepancy ~
13 | Mixed electron and muon loops 20 0.00007 0.00007 y
14 | Hadronic polarization a(Za)*m, 21-23 0.01077  0.00038 0.0113 0.0003 0011 0.002
15 | Hadronic polarization a(Za)’m, 2 0.000047
16 | Hadronic polarization in the radiative 22,23 —0.000015 l I I e
photon a?(Za)m, " =
17 | Recoil contribution 4 0.05750 0.0575 00575
18 | Recoil finite size 5 0.01300 0.001 0.013 0.001
Correction to VP 5 —0.00410 —0.0041 o I f
é Radiative corrections of order o (Za)m, 27 —0.66770 —0.6677 —0.66788 n y e W
Lamb shift 4th order 5 —0.00169 —0.00169
22 | Recoil corrections of order Za)sﬁm, 257 —0.04497 —0.045 —0.04497 " "
25 | Recol o rder : 00000 0003 contri b utions are
24 | Radiative recoil corrections of L27 —0.00960 —0.0099 —-0.0096
order a(Za)" frm;
25 | Nuclear structure correction of order (Za)® 252225 0015 0.004 0012 0002 0015  0.004 . .
(Proton polarizability contribution) I l I l O r a n a I S
26 | Polarization operator induced correction LS 0.00019
to nuclear polarizability a(Za)’m,
27 | Radiative photon induced correction LS —0.00001
to nuclear polarizability a(Zaym, I e V e I -
Sum 206.0573  0.0045 206.0432 0.0023 206.05856 0.0046

Table 1: All known radius-independent contributions to the Lamb shift in gp from different authors, and o =
the one we selected. We follow the nomenclature of Fides et al.” Table 7.1. Item # 8 in Refs.>” is the sum of ey are re Ia e.
items #6 and #7, without the recent correction from Ref.!2. The error of #10 has been increased to 100% to

account for a remark in Ref.”. Values are in meV and the uncertainties have been added in quadrature.

(1)



Theory of H and uH:

O Rigorous

O Ab initio

O Complicated
O Very accurate

O Partly not cross
checked

O Needs no higher-
order proton
structure

O Rigorous

O Ab initio

O Transparent

O Very accurate
O Cross checked

O Needs higher-order
proton structure
(much below the
discrepancy)



®ee | Theory of Hand uH:

O Rigorous O Rigorous
O Ab initio O Ab initio
O C.omnlicated O Transnarent

The th uncertainty is much below the Ievel of the discrepancy
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O Partly not cross O Cross checked
checked o Needs higher-order

O Needs no higher- proton structure
order proton (much below the

structure discrepancy)



Spectroscopy of H and pH:

O Many transitions in
different labs.

One dominates.
Correlated.
Metrology involved.

The discrepancy is
much below the line
width.

O Sensitive to various
systematic effects.

O O O O

One experiment

A correlated
measurement on uD

No real metrology

Discrepancy is of few
line widths.

Not sensitive to
many perturbations.



H vs uh:

O uH: much more sensitive to the R, term:
® less accuracy in theory and experiment is
required;
® easier for estimation of systematic effects
etc.

O H experiment: easy to see a signal, hard
to interpret.

O uH experiment: hard to see a signal, easy
to interpret.



Elastic electron-proton
scattering




Elastic electron-proton
scattering
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Electron-proton scattering:
new Mainz experiment

High-precision determination of the electric and magnetic form factors of the proton

J.C. Bernauer.'** P. Achenbach,! C. Ayerbe Gay‘oso,l R. Béhm.! D. Bosnar,? L. Dehenjak,3
M. O. Distler,":T L. Doria,! A. Esser,! H. Fonvieille,* J. M. Friedrich,” J. Friedrich,! M. Gémez Rodriguez
de la Paz,! M. Makek.? H. Merkel,! D. G. Middleton,! U. Miiller,! L. Nungesser,l J. Pochodzalla,!
M. Potokar,? S. Sanchez I\-Iajos, B.S. Schlimme,! S. Sirca,>® Th. Walcher,! and M. Weinriefer!

(rk)*
()

87 g( }stat (4153-'51,.{2}1110-:151(4)51'0111: fm,

0.
0. TTT(lgjstat (g]syst.(5)1119-:151[2)51'0111:' fm.




O Mainz:

1
{r;)* = 0.879(5
2 1 .
(T:{f>§ = 0 TTT[]-*g)stat (g]syst.(5)model[2)gmup i'l'ﬂ.

(D )stat (4JS}-‘st.(2jmndel(4)grc\up fm,

O JLab (similar

results also from
Ingo Sick)

Electron-proton scattering:
evaluations of the World data’

O Charge radius:

Sick i

Bernaner et al.

L J

CODATA +

Fohl et al

T S T R T T R T
PFroton charge radius [fin]

FIG. 3 (Color online) The proton RMS charge radius from pee -
vious ep scatering analysis { Sick [40]3, Mainz low §° measume-
ment (Barnaver & @l [37]) and this work compared to the C0-
DATA [41] and mucnic lydrogen spectioacopy (Pohl e al [42]0
The red dashed lines show the combined mesults from CODATA.

LRI LH R

(rp)t* = 0875 £ 0008 £ 0.006g, fm  (3) te Poll v al wcertiny.
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Bamaver e gl and this work, while the black dotted lines show

High Precision Measurement of the Proton Elastic Form Factor Ratio p1p,G g /Gy at Low (%

X.Zhan"? K. Allada* D. 5. Armstrong.* 1. Arrington.® W, Bertozzi,! W, Boeglin,® .-E. Chen,* K. Chirapatpimol”
S. Choi® E. Chudakov ® E. Cisbani.* '° P. Decowski.!' C. Durta.'* S, Frullani.* E. Fuchev 3 F. Garibaldi.? S. Gilad.!
R. Gilman.* ' 1. Glister,'™ * K. Hafidi* B. Hahn.* 1.-O. Ha.nsen D. W. Higinbotham," T. Holmstrom”R % Holt.?
J. Huang,' G. M. Huber."® F. Itard,"* C. W. de Jager X. ]1a.ng 1. Johnson," J. Katich,* R. de Leo,”
1] LeRose P R, LmdgrenTE Long. 2 D, 1. Mmgwons 5. May-Tal Beck,™® D. Meskins,® R. M:chae]s
B. Moffit.-® B. E. Norum.,” M. Olson.® E. Pnsetzk\' 2L Pomera.nlz i) Prompopes:u."sk Qlam Y. Qiang,*-®
A Rakhman®® R. D. Ransome,' P E. Reimer® J. Reinhold. ™ $. Riordan,” G. Ron.™** A. Saha® A. 1. Sary ™!
B. Sawatzky,** E. C. Schu]te 14 M. Shabestari” A. Shahinyan, ™ S.Sirca, ™% B Solvi ignon.® 16N F Spar\ens L3
. Strauch.™ R. Subedi” V. Sulkosky,*® L Vilardi 2 Y. Wang ¥ B. Wojtsekhowski® Z. Ya** and Y. Zhang™
(Jefferson Lab Hall A Collaboration)




e o o | ElE€CIrON-proton scattering:

evaluations of the World data’

O Mainz: O Charge radius:

i 1 -
{Ti’:‘)l’ = U-STg(5)51,&1;.('ZUS}-'SL(2)1110d31(4}g1'0up fm,

2\ 3 .
(ﬂ{f)i = O-TTT[]-Bjstat.(g]syst.(5)model[2)gmup fm.

o J| gl The consistency of the results
res| ©n the proton charge radius is good,

Ingc but not sufficient.

= 575 The agreement is required between
= "8 the form factors, which is an open

qguestion for the moment

radivs from pre-
w7 measume-
aed to the CO-
Pahl er al [42]0
trom CODATA.
pited lines show

Ratio j,GE /Gy at Low (°
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Electron-proton scattering:
evaluations of the World data’

O Mainz:

1

(ﬂ%‘)ﬁ = 0.879 (5}51'.5,1:..(4)53{5t.{2}1110del(4}gmup fl'ﬂ?
1

<Tﬁ-j>§ 0.777 S}Stat.(g)syst.{5)model(2}gmup fm.

O JLab (similar
results also from
Ingo Sick)

O Charge radius:

Sick —_.——
Bernaner et al. -
= -

CODATA -
PFohl et al
1
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PFroton charge radius [fin]

FIG. 3 (Color online) The proton RMS charge radius from pee -
vious ep scatering analysis { Sick [40]3, Mainz low §° measume-
ment (Barnaver & @l [37]) and this work compared to the C0-
DATA [41] and mucnic lydrogen spectioacopy (Pohl e al [42]0
The red dashed lines show the combined mesults from CODATA.
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Certainty of the derivatives

O Af/At — we can O Data are roughly
find it in a model with 1%.
independentway o R, is wanted
if we have within 1%.

accura.\te d_ata and o We need fits|
an estimation of |
the higher-order © We can use fits

Taylor terms. only if we know
the exact shape.



Certainty of the derivatives
O Af/At — we can O Data are roughly
find it in a model with 1%.
independentway o R, is wanted
if we have within 1%.
Narrowing the area We need fits!
Increases the uncertainty: \we can use fits
€.g.. only if we know

Kraus et al., 2014



Certainty of the derivatives

Fifty years: ughly
*data improved (quality, quantity);
*accuracy of radius stays the same; |4
*systematic effects:

increasing complicity of the fit. |

eStlmatlon Of the ~ Vv TTCGU TS |
higher-order
Taylor terms.

O We can use fits
only if we know
the exact shape.



Analytic properties:
Is that important?

O The form factors O The form factors
are measured in a fits in time-like

finite space-like region are wrong.
region. O Their analytic

O The fits present properties are
the form factors inappropriate.
for all the © Their behavior at
momenta. larger momenta is

unreasonable.



oo 0 Analytlc propertles

Dlsper3|on flts always produce smaller
values of the radius, but usually they
have bad y-.

Mergell et al., 1995; Belushkin et all, 2007,
Lorenz et al., 2012; Adamuscin et al., 2012

Is it possible to produce a fit with a good

value of %2 and consistent with our knowledge
about the imaginary part ?



Asymptotic behavior:
Is that important?

O The form factors O The form factors
are measured in a fits in time-like

finite space-like region are wrong.
region. O Their analytic

O The fits present properties are
the form factors inappropriate.
for all the © Their behavior at
momenta. high momenta is

unreasonable.



Asymptotic behavior:

ic that inpnnrfg ni"?

!

%.) '_::;]-.iﬂ; T - - g T
ot <t |1 .

S 095 | i 1

2 | - [13]

S 09F - [2]

ol 4 Christy etal. <

0.85 H=H Simon et al.

L 4

p
<
1

L 4

HH Price et al. &4 Borkowskilet al| [15]
o4 Bergeretal. +ei Janssens et al.

4

0.8 | r&H Hansoln et al. A Murphy et 8|.|. [16] |
0 0.2 0.4 0.6 0.8 1
the torm tactors Inappropriate.
for all the o Their behavior at
momenta.

high momenta is

unreasonable.



Analytic properties and the

data
Convergence |

radius

|a*=(2m.,)* ‘Key area
for G’(0)
>
branch cut
(21 continuum)




Different methods to determine
the proton charge radius

® spectroscopy of © Comparison:
hydrogen (and

deuterium)
® the Lamb shift Dot
in muonic - o
hydrogen e I
@ eleCtron-prOton FIG. 3 fc' l-:u mL::t:a ;:md:h::]m fmupm
. VoS =p g an.- I.'SLl:k [-dﬂ]':l Mai luw:;u mea
scattering S e




Present status of proton radius:
three convincing results

charge radius and the magnetic radius:
Rydberg constant: a a strong discrepancy
strong discrepancy. between different
O If | would bet: evaluation of the
® systematic effects in data and maybe
hydrogen and deuterium between the data
spectroscopy - -

® error or underestimation 0_88_:
of uncalculated terms in
1s Lamb shift theory

O  Uncertainty and model-
independence of
scattering results.

0.84 1

PSI, uH Sick, scat

R, [fm]

0.80 1

MAMI, scat

0.76 4

7 T 7 T v T v
0.84 0.86 0.88 0.90 0.92
R_ [fm]



Present status of proton radius:
three convincing results

charge radius and the magnetic radius:
Rydberg constant: a a strong discrepancy
strong discrepancy. between different
o [f | would bet: evaluation of the
® systematic effects in data and maybe
hydrogen and deuterium hatuman tha data

spectroscopy 1.0

® error or underestimation
of uncalculated terms in
1s Lamb shift theory

O  Uncertainty and model-
independence of
scattering results.

R, [fm]

T T - T
0.75 0.80 0.85 0.90 0.95



® oo | \\Nhat is next?

© new evaluations of scattering data (old and
new)

O new spectroscopic experiments on
hydrogen and deuterium

O evaluation of data on the Lamb shift in
muonic deuterium (from PSI) and new value
of the Rydberg constant

O systematic check on muonic hydrogen and
deuterium theory



® oo | \\Nhere we are

1.0
1 1 ) 1

] LKB2+——®——1 o | KB1 1
- — e — H&D - 0.9 1
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=
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T T T T T T T T T T T L L S S S S R v
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What's new?

O Hydrogen: O Scattering data:
A preliminary Jlab’s people and
MPQ result on 2s- |. Sick state that
4p is consistent world data and
with uH. MAMI’s are not

© Muonic atoms: quite consistent.

uD is consistent More studies of

with uH (PSI) + different shapes

isotopic H-D 1s-2s (conformal
(MPQ). mapping etc.)



What's new?

O Hydrogen:

O Scattering data:
Jlab’s people and

—e— CODATA-2006

—e— H&D

° 1 Sick, scat -

e PSI, uH

—e— MAMI, scat

0
>

O
-

|. Sick state that
world data and
MAMI's are not
quite consistent.

More studies of
different shapes
(conformal
mapping etc.)

0.82
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Precision physics
and fundamental
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Precision physics of
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