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Introduction — Nucleon properties

Proton / Neutron

mass | size J

mp, = 938.272046(21) MeV /c* moments of electric charge
Discovered by E. Rutherford (1919 and magnetization distribution

my, = 939.565379(21) MeV/c2  derived from

Discovered by J. Chadwick (1939) form factor measurements
shape | stiffness J
departure from electric and magnetic
spherical symmetry polarizabilities extracted from
determined in N — A Virtual Compton scattering

measurements (VGCS)



Cross section and form factors for elastic e-p scattering

The cross section:
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Low-Q form factors

What more can we learn from the form factors?

@ Low-Q < Long range structure
@ How big is the proton?
@ Is there evidence for a pion cloud? 2l confinement

-

<r,§-> = —6K° %

d(Gum/up)
r2)) = —en2 —~—2L0P)
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Timeline of proton cross section data
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Classical picture

form factor: G(g?) = 15/ p(r) %47#2 dr
0

dipole
e.g. proton exponential
Fourier
a 1
% gausséian ~ g gaussian
2 e.g. Li g
£ Transform g
oscillating sphere with
e.g. 40ca diffuse edge
momentum transfer |q| - radius r —

charge distribution: p(r) = ﬁ/ G(q?) % 47q? dg
0



Light-front picture

Infinite Momentum Frame: 3D distribution gets "squashed”.

From: M.

proton neutron
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Vanderhaeghen, Th. Walcher, arXiv:1008.4225v1



The radius puzzle — Lamb shift in ;H

NAMUIET Nature 466, 213-216 (8 July 2010)
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http://dx.doi.org/10.1038/nature09250

The radius puzzle — Lamb shift in H

Pohl et al. (2010 .
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Filled dots: Results from new measurements.
Hollow dots: Reanalysis of existing data.



Discussion of the Lamb shift / electron scattering

discrepancy

@ Muonic hydrogen (Lamb Shift)
r, = 0.84184(67) fm
R. Pohl et al., Nature 466, 213-216 (2010)
@ Mainz form factor measurement
r, = 0.879(8) fm
J.C. Bernauer et al., Phys. Rev. Lett. 105, 242001 (2010).
@ Analysis of previous ep scattering data
r, = 0.895(18) fm
I. Sick, Phys. Lett. B576 62-67 (2003).
@ Electronic hydrogen - (CODATA)
(Hyperfine structure and Lamb shift)
r, = 0.8768(69) fm
P.J. Mohr et al., Rev. Mod. Phys. 80 633-730 (2008).

Discrepancy is between
muonic and electronic measurements


http://dx.doi.org/10.1038/nature09250
http://dx.doi.org/10.1103/PhysRevLett.105.242001
http://dx.doi.org/10.1016/j.physletb.2003.09.092
http://dx.doi.org/10.1016/j.physletb.2003.09.092




De Rujula’s toy model

@ A. De Rujula, “QED is not endangered by the proton’s
size”, Phys. Lett. B693, 555 (2010).

@ Sum of “single pole” and “dipole”

’
PProton(r) = 5

4rr 8w
D = M?cos?(h) + m?sin?(0)

M*e—Mr cos?(h) N m5e’"’sin2(9)]

using M = 0.750 GeV/c?, m = 0.020 GeV/c?, and sin?(6) =
and

pioy(r / 3 penarge (17 — 1) pebage(72)

we get the third Zemach moment:

<r3>(2) = /dsf fsp(g)(f) = 36.2 fm°



De Rujula’s toy model —

We put (r®) o) = 36.2 fm? in the Lamb shift formular:
L[r2), (P 2)] =

209.9779(49) — 5.2262 u 4+ 0.00913 ——~ tr > meV
fm? fm?3

and get rp, = 0.878 fm

problem solved



De Rujula’s toy model — is excluded by experiment

charge distribution form factor
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@ Bernauer-Arrington fit assembly

M.O.D., J.C. Bernauer, Th. Walcher, Phys. Lett. B696, 343 (2011)


http://dx.doi.org/10.1016/j.physletb.2010.12.067




Nuclear Finite Size Effects In Light Muonic Atoms

J. L. Friar, Annals Phys. 122 (1979) 151.
Finite-size shift in the energy of the nth s-state through order (Z«)®:

AE, = ziyqj,,(O)\Zzax

(1) 220 2o P+ i e
_ 5200“ev< > 91’f‘$< >(2)
+0. 28’f‘ M et +0.064 ’f‘ez Fun
~ 520075 () ~91 55 (7)),
~ 5200 ?ev 2_35 ,?eV 3
with (Pl _ 3573 (valid for Dipole FF, only)

()% 18



Nuclear Finite Size Effects In Light Muonic Atoms

How small are Fze, and Fg?
Dipole form factor

0284 « F = 028 L 47fm? = 13eV

fm? fm?
0.064’;% ¥ P = 0.064% % 0.54 fm* = 0.035 yeV

Now we construct a FF that “resolves” the discrepancy:
2\ 2 4
2\ _ q q
G(@°)=(1—x) <1+m?) +xexp<—%2>

with x=—1.7%, m=0.776, o = 0.042



Nuclear Finite Size Effects In Light Muonic Atoms

“Thorn” form factor

G |
q? (GeV /c)?
0.28 ?eV % Fae, = 0.28 ‘f‘eV X —58fm? = —16 ueV
ueV neV 4

The “Dlpole” approximation completely breaks down

Similar conclusion: J. D. Carroll, A. W. Thomas, J. Rafelski and
G. A. Miller, “Proton form-factor dependence of the finite-size
correction to the Lamb shift in muonic hydrogen,” arXiv:1108.2541






The Mainz Microtron MAMI

e MAMI-A: 180 MeV fixed
e MAMI-B: 855 MeV, 15 MeV steps
@ MAMI-C: 1.6 GeV, 15 MeV steps



The Mainz high-precision p(e,e’)p measurement:
Three spectrometer facility of the A1 collaboration




Design goal: High precision through redundancy

@ Statistical precision: 20 min beam time for <0.1%

@ Control of luminosity and systematic errors:
Measure all quantities in as many ways as possible:

e Beam current:
Foerster probe (usual way) <= pA-meter
— measures down to extremely low currents for small ¢
e Luminosity:
current x density x target length
<= third magnetic spectrometer as monitor
e Overlapping acceptance
e Where possible: Measure at the same scattering angle with
two spectrometers



Measured settings and future (high Q?) expansion

Q [Gevic]

66 = (66, 257 205 (@) 4760 (@)]

®  spectrometer A
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o
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Cross sections
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Cross sections / standard dipole

L7 +0.5, 855 MeV._ |
16 TTTEEL
L "
mmats®
15 L NLLLLe +0.4,720 MgVl |
Stoainge DG aomanatsdte®s

+0.3, 585 MeV 1

w-asﬂl!i'a Me\
;n.‘i“‘
1.3 gus 2 *
TrPpedganme:=czzsaaz=tat8E
FememEs +0.2, 450 MgV
1.2 m...--..........l.“_......nn ata i

1.1 +0.1, 315 MeV |
B e LI Ll T LT YT POV Yy e P

1 _mlllualllailll|lillllliltlilt"““

0 MeV

Oexp/Ostd. dipole

0.9 b I 1 1 1 1 I
20° 40° 60° 80° 100° 120°
scattering angle




Rosenbluth method
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Rosenbluth with a twist!

Instead of independent separation at discrete Q?:

Super-Rosenbluth separation

Take (many, flexible) models for form factors, plug them into
cross section formula. Fit to all cross section data in one go!

@ Feasible due to fast computers.

@ All data at all Q® and ¢ values contribute to the fit, i.e. full
kinematical region used, no projection (to specific Q?)
needed.

@ Global normalization fixed to static limits, Gg(0) = 1,
Gum(0) = pp.



Cross sections / standard dipole
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Cross sections + spline fit

L7 +0.5, 855 MeV

+0.4, 720 MgV

+0.3, 585 MeV ]|

Oexp/Ostd. dipole

13 E E
+0.2, 450 MeV

1.2 - A aptsaatstatade—
+0.1, 315 MeV |

11— comptponne
1 el 5 sy = s o u =t B S E R E R RN S e g et e s BaT s
180 MeV

0.9 b I I I I I L .
20° 40° 60° 80° 100° 120°
scattering angle




Advantage of the Super-Rosenbluth Separation

Rosenbluth formular gives additional constraints

10000

standard dibo\e J
1000

100 R

10

cross section do/dQ / pbarn/sr

20° 40° 60° 80°  100°  120°  140°
scattering angle

31 normalization parameters allow a statistical analysis.
The luminosity is a major source of the systematic error
— Here, it becomes a statistical error



Result: Cross section fits (180 MeV)
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Form factor results
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Jan C. Bernauer et al., “High-precision determination of the electric
and magnetic form factors of the proton”,

PRL 105, 242001 (2010), arXiv:1007.5076


http://dx.doi.org/10.1103/PhysRevLett.105.242001
http://xxx.lanl.gov/abs/1007.5076

Form factor results: Ge/ Gy ratio

Recoil Polarimetry
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http://dx.doi.org/10.1103/PhysRevLett.105.242001
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http://dx.doi.org/10.1016/j.physletb.2011.10.002
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http://dx.doi.org/10.1103/PhysRevC.76.035205
http://xxx.lanl.gov/abs/0707.1861

Feynman graphs of leading and next to leading order

for elastic scattering

All graphs are taken into account:

@ vacuum polarization (v1):

e (u, 7)
Maximon/Tjon (2000) and
Vanderhaeghen et al. (2000)

@ electron vertex correction

@ Coulomb distortion
(two photon exchange)

@ real photon emission




Comments on Coulomb distortion and TPE

@ Coulomb distortion:
Exchange of one hard and multiple soft photons
Feshbach (1948), Mo and Tsai (1969).

2
@ Two-photon exchange (TPE) with & e fl;}'?m;*'*;tj;l;;
and w/o excited intermediate states: »
Exchange of two hard photons e
104 | b)
Still not reliable and highly debated ¢ .| P
N S B
Figure shows a recent experimental = ™[ w2~
result from JLab.

Meziane, M. et al.: Search for effects beyond the Born approximation
in polarization transfer observables in ép elastic scattering,
PRL 106, 132501 (2011), arXiv:1012.0339


http://dx.doi.org/10.1103/PhysRevLett.106.132501
http://xxx.lanl.gov/abs/1012.0339

Description of the radiative tail
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http://arxiv.org/abs/arXiv:1307.6227

Inclusion of world data

L. Andivahis et al.,
Phys. Rev. D50, 5491 (1994).

@ Extend data base with world data F. Borkowski et al.,
Nucl. Phys. B93, 461 (1975).
— Cross check, extend Q? reach F Borkont et at, LT
. Nucl.Phys. A222, 269 (1974).
@ Take cross sections from Rosenbluth P Bosted et el 1590)
exp’s M. E. Christy ef al, '
Phys: Bev. C70, 015206 (2004)
@ Sidestep unknown error correlation Mere Bov. 07, 2449 (1970,
. I T.J etal,
e Update / standardize radiative Phys. Rev. 142, 922 (1966).
. J. Litt et al.,
corrections o phlys.e!_in. B31, 40 (1970).
e One normalization parameter per L@E'yz”éﬁfﬁi" 45 (1971).
source (Andivahis: 2) I. A. Qattan et al.,
Phys. Rev. Lett. 94, 142301
@ Two models: & otk et al
. . RockK et al.,
. . i Phys. Rev. D 46, 24 (1992).
e Splines with variable knot spacing A.ESill etal,
. . Phys. Rev. D 48, 29 (1993).
= Adapt knot density to data density G. G. Simon et al,
e Padé-Expansion _ S S o5, A 953, 381 (1980)
= Low(er) flexibility, for comparison Phys. Rev. D 12, 1884 (1975).

R. C. Walker et al.,
Phys. Rev. D 49, 5671 (1994).
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Model dependence

0.008 ‘ ‘ ‘ ‘
0.007 L nominal knots Padeé fit i
) ) 0.006 |- .

@ Spline model has variable
knot spacing = 0.005 = ]
@ Vary knots, refit, record x2. § 0.004 - 7
@ Select the 68% best tries. 0.003 |- 7
@ Construct envelope of 0.002 - 7
models. 0.001 |- —

0 |

|
2050 2100 2150 2200 2250 2300
M2

Band will cover at least 68% of all model variations! J




Form factor ratio Ge/ Gy

1.5

0.5 i;I TT

@ Difference between polarization data and Rosenbluth data

@ Add polarization data as a constraint to the fit:
—> Ax? = 216 for 67 new data points!
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Two Photon Exchange - A parametrisation

@ Available data is sparse

@ Mostly @Q? dependence

@ Few data on ¢ dependence

@ Only possible to fit simple model

@ In addition to Feshbach Coulomb-correction!

6=a-(1-2)-log (1+b- )



Ge fit incl. polarized data
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Gy fit incl. polarized data

1.2 | | | T
S hge
1.15 | adé -
Arrington 07 ——

1.1
1.05

0.95

G/ (ppGistd.aip.)

09 - 3
0.85 - .




Ge/Gy fitincl. polarized data

S lineI

adé
Arrington 07
Polarization data

-0.5




fol
(-
et
) Ho+
S
— o
©
o] b
o i
) h—e—i
o)
= et
c b i
O e
_ ' i
(q\]
O o
W AN OO T AN 00O
O 90000000.000777
_— o o O O o o o o
L2 fug] < 4>
X
(@)
(4]
m

<0,

00,
L6,

T0.

S0,
€0,
00.
96.
6.
16.
08.
G/,
clL,
99.
€9,

v1vaod

ANOYIUPBIN
wapn

Yyouyds3y

uspun|g
PIS
Jap[ajussoy
TEEIET
3uopp
P10
uowlg
1smoyiog
Aoy
anboefosaiy

puey



Electric and magnetic radius

Final result from flexible models

(ST

(r8)

—0.879 + 0.005¢s. + 0.0045y5; + 0.00210401 + 0.004r0up fn,
1
(r8)? =0.777 + 00134, + 0.009,¢. + 0.005m0de1 + 0.0024r0up Fm.

Results with world data

(B)F (B
+ Rosenbluth data 0.878 0.772
+Rosenbluth and Polarization data 0.878 0.769

(Eur.Phys.J. D33 (2005) 23-27: Zemach and magnetic radius of

the proton from the hyperfine splitting in hydrogen: 0.778(29)
fm)



New Experiments

@ JLab
e Very low Q? experiment, near 0°
e Form factor ratio at very low Q?
e PSI
e MUSE: elastic up scattering Guy Ron
e Lamb shift measurements on muonic helium
o MAMI
e Initial state radiation
e Measurement of the elastic A(Q?) form factor of the
deuteron at very low momentum transfer



Precision Measurement of the Hydrogen-Deuterium

1S—2S Isotope Shift

Parthey, Christian G. and Matveev, Arthur and Alnis, Janis and
Pohl, Randolf and Udem, Thomas and Jentschura, Ulrich D.
and Kolachevsky, Nikolai and Hansch, Theodor W.: Precision
Measurement of the Hydrogen-Deuterium 15-2S Isotope Shift,
Phys. Rev. Lett. 104, 233001 (2010).
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" plolodiOdC 73 detoctor ] SXcitation region quench
laser RF discharge
HIHL e
to cryopump D2—32

Beam apparatus for two-photon spectroscopy on the hydrogen /
deuterium atomic beam.


http://dx.doi.org/10.1103/PhysRevLett.104.233001

Deuteron radius from the

H-D isotope shift and muonic hydrogen

Proton radius: The challenge continues
Combining H-D isotope shift and pH:

rg—rs = 3.82007(65) fm?

r, = 0.84087(39)fm } = rq =2.12771(22) fm
A. Antognini et al., Science 339 (2013) 417-420

ubD 2013 ]
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I .
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Deuteron charge radius [fm]

Paul Indelicato, Mainz, 2013



Deuteron radius from the

H-D isotope shift and muonic hydrogen

Proton radius: The challenge continues
Combining H-D isotope shift and e-p elastic scattering:

rg—ry = 3.82007(65)fm?

r, = 0.879(8)fm } = rg = 2.143(3) fm
J.C. Bernauer et al., Phys.Rev.Lett. 105 (2010) 242001

uD 2013 Co

WH + iso H/D(15-25) . ep + 130 H/D

CODATA-2010
—
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n-p scatt, ———eo——

e e b e b e e e e e e e b e b b
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Deuteron charge radius [fm]

Paul Indelicato, Mainz, 2013



World low Q? data and predicted errors
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Possible Improvements on Proton Radius

1.02
L 101k Range of new experiment 4
2

a
9
<
3

s

5

&

£

2 = Bernauer (MAMI 2010)

o 097 | v Simon (MAMI 1980)

= » Borkowski (MAMI 1975)

k) = Murphy (Saskatoon 1974)

u e « Price (CEA 1971

-96 - Belushkin (Dispersion Analysis 2007)
.

. .
0.0001 0.001 0.01 0.1
Four-Momentum Transfer Q2 / (GeV?/c?)

Where should we determine the root-mean-square-radius?

d
(8) = —6 —o5 Ge(CP)

Q2=0

@ Extrapolation to @Q? = 0, no absolute cross section!
@ Sufficient “Lever arm” for radius determination

— Q% ~ 0.2GeV?/c?
@ Reduction of higher orders — linear fit



Virtual Compton Cross Section H(e, €)py

2 2 =
5] o Qo
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Initial state radiation

do

%

@ H(e, €)py Cross section dominated by Initial/Final State
Radiation
@ Final State Radiation: Four-Momentum-Transfer Q?
constant
@ Initial State Radiation: Continuous Q? range
@ Experiment
e First spectrometer for “Normalization” at elastic peak
e Start with second spectrometer setup at elastic peak
e Measurement of the radiative tail
by change of the magnetic field of second spectrometer
e Keep everything else constant!



Initial State Radiation

ISR 2013 (E, = 495 MeV)
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@ Form factor <+ charge distribution
© The Mainz measurements

e High-precision p(e,e’)p cross sections
@ Inclusion of the world data

© Outlook
e New Experiments at PSI, JLab, and MAMI

Final result from flexible models
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Results with world data

(B)F (B
+ Rosenbluth data 0.878 0.772
+Rosenbluth and Polarization data 0.878 0.769




