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+ relativistic electrons 
+ nuclear recoil 
+ magnetic moments 
= Mott Scattering 

Rutherford Scattering

Pointlike Dirac proton!
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Mott Scattering

Hofstadter, R., et al., Phys. Rev. 92, 978 (1953). #MakeHumansSmartAgain
… per aspera ad astra …

Rutherford Scattering
Nucleon elastic form factors Basic formulae

Elastic electron – nucleon scattering...cont’d

Mott expression agrees with the data for |~q| ! 0(# ! 0) but at higher |~q|
experimental cross-sections are smaller: a form factor!
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(for spherically symmetric systems, the form factor depends on ~q only!

Determination of a form factor: measure of d�/d⌦ at fixed E and diferent #
(= various |~q|) and divide by the Mott cross- section.

Barbara Badelek (Univ. of Warsaw ) Experimental results on nucleon structure, II NNPSS 2013 9 / 86
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Nucleon elastic form factors Basic formulae

Probing the structure of the proton

From: M.A. Thomson, Michaelmas Term 2011

Barbara Badelek (Univ. of Warsaw ) Experimental results on nucleon structure, II NNPSS 2013 7 / 86

Form Factors
Qualitatively, FF accounts for the phase differences between contributions 
to the scattered wave from different points of the charge distribution

Nucleon elastic form factors Basic formulae

Probing the structure of the proton

From: M.A. Thomson, Michaelmas Term 2011

Barbara Badelek (Univ. of Warsaw ) Experimental results on nucleon structure, II NNPSS 2013 7 / 86

(for a nucleus, from the constituent protons and neutrons)



Form Factors
Qualitatively, FF accounts for the phase differences between contributions 
to the scattered wave from different points of the charge distribution



Form Factors from Elastic eN scattering
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926 Negele: Mean-field theory of nuclear structure and dynamics

measured cross sections and their experimental uncertain-
ties. Details of the analysis are described in a review arti-
cle (Friar and Negele, 1975) and error envelopes obtained
in this way for a variety of spherical nuclei (Sick, 1974;
Sick et al. , 1975; Friar and Negele, 1977, Sick et al. ,
1979) are compared with DME calculations in Fig. 11.
Whereas the overall agreement appears quite satisfactory,
individual discrepancies between the mean-field theory
and experiment are latent with interesting nuclear struc-
ture information. For example, whereas Ca and Pb con-
stitute good shell closures, Zr is known to have a signifi-
cant depopulation of the lpi~2 and Of&~2 orbitals and cor-
responding occupation of the Og9/2 level. A simple
schematic calculation based on the pairing theory (Negele,
1971) shows that in Zr the correlation correction de-
creases the interior density in the region of 2 fm by
roughly 8%, significantly improving the agreement with
experiment. (Analogous pairing calculations in Ca and
Pb yield no change in the density. ) The Ni nucleus is

another special case. When one calculates its energy as a
function of deformation, one finds it to be exceedingly

IO

IO-(—

soft with respect to quadrupole deformations. Thus the
simple static mean-field approximation is inadequate, and
one must allow for large amplitude collective motion in
the quadrupole degree of freedom. Although the general
formalism for large-amplitude collective motion in Sec. V
has not yet been applied to this nucleus, one observed that
the shapes of the prolate and oblate admixtures in the
wave function are sufficiently different that one expects
the large-interior density fluctuation to be somewhat di-
minished (Negele and Rinker, 1977). In all these cases,
then, one is led to the conclusion that the mean-field ap-
proximation not only describes the systematic behavior of
spherical nuclei throughout the Periodic Table, but also
serves as a valid starting point for systematic examination
of specific structure effects which go beyond the mean
field. Thus the phenomenological component of the ef-
fective interaction is small enough that it is sensible to
evaluate leading corrections to the mean field as if the ef-
fective interaction were actually derived from an underly-
ing two-body potential.
The discussion of the spatial distribution of matter thus

far has dealt essentially with protons, since we have only
considered the charge scattering of electrons. From a
theoretical point of view, given the strong interplay be-
tween neutron and proton distributions in the self-
consistent mean-field theory, it is difficult to imagine how
one could systematically obtain the correct proton distri-
butions throughout the Periodic Table while making sig-
nificant errors in neutron distributions. Nevertheless, al-
though neutron distributions are much more difficult to
measure experimentally and are subject to greater ambi-
guities of interpretations than protons, it is worthwhile to
briefly survey the present status of measurements of neu-
tron distributions.
The least ambiguous probe of neutron distributions is
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FIG. 10. Cross sections for elastic electron scattering from
Pb at 502 MeV compared with DME mean-field theory pre-

diction (solid line).
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FIG. 11. Comparison of DME mean-field theory charge dis-
tributions in spherical nuclei (dashed lines) with empirical
charge densities. The solid curves and shaded regions
represent the error envelope of densities consistent with the
measured cross sections and their experimental uncertainties.

Rev. Mod. Phys. , Vol. 54, No. 4, October 1982

• Cross section over 12 
orders of magnitude!


• THIS is our picture of 
the atomic nucleus!
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I. Angeli, K.P. Marinova / Atomic Data and Nuclear Data Tables 99 (2013) 69–95 73

Fig. 3. Isotopic behaviour of rms charge radii for medium mass and heavy elements: from 36Kr to 96Cm. For clear presentation, these elements are grouped in three panels
with identical R and N scales in such a way that the major neutron shell closures at N = 50, 82 and 126 are well pronounced.

theoretical calculations [32]. Nörtershäuser et al. [32] used this
value as absolute reference for the radii in the Li isotopic chain
and their results, themost correct existing data for Li, are displayed
without any changes in Table 1.

Let us note that for Re, Po, Rn, Fr, Ra and Cm there are no
experimental R data. Reference radii R0 are calculated by the
formula

R0 =
 

r + r1
A2/3
0

+ r2
A4/3
0

!

⇥ A1/3
0 (8)

with parameters: r0 = 0.9071(13) fm, r1 = 1.105(25) fm, r2 =
�0.548(34) fm, which are the results of a least-squares fit
to radii along the line of stability (see Table 2 in Ref. [13]).
These parameters are correlated. Therefore for safety’s sake, for
the uncertainty �R0 the value 2 ⇥ (�R0,unc) was used, where
�R0,unc is the value calculated by the assumption of uncorrelated
parameters.

It is worth considering the problems connectedwith the proton
radius the experimental value of which strongly changed during
the years (see Fig. 1 and references therein [33–38]). In 2010, a

measurement of muonic hydrogen atom Lamb shift [38] resulted
in an rms charge radius value rp,µ = 0.84184(67) fm, which differs
significantly from the earlier values obtained by electronic
measurements (see e.g. 2nd paragraph in Section 2.1. of Ref. [13]
and Section 5 in Ref. [7]). This strong deviation between electronic
andmuonic resultsmay question the correctness of some quantum
electrodynamic (QED) calculations or even the validity of the
Standard Model of particle physics [39], and produced an active
interest in the literature [40–44]. As this problem is not yet
settled, it seems advisable to remain on the safe side, and to
restrict ourselves to data derived from electronic measurements.
See also [45].

4. Global behaviour of rms nuclear charge radii

Transforming �hr2i into absolute rms radii values, one receives
a global overlook on the charge radii trend in an extended region
of nuclei from He to Cm. The accuracy of the combined data is high
compared to that of the directlymeasured radii values for the same
element.
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• Kinks at closed neutron shells

• Regular odd-even staggering

• Obvious shape effects

• Radii of isotopes increase at ~half rate of 1.2A1/3 !!!
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The neutron skin measures how 
much neutrons stick out past 

protons

Symmetry energy favours moving 
them to the surface 

Surface tension favours spherical 
drop of uniform equilibrium 

density
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does not. Then, we have to conclude that a 3% accuracy in
APV sets modest constraints on L, implying that some of
the expectations that this measurement will constrain L
precisely may have to be revised to some extent. To narrow
down L, though demanding more experimental effort, a
!1% measurement of APV should be sought ultimately in
PREX. Our approach can support it to yield a new accuracy
near !!rnp ! 0:02 fm and !L! 10 MeV, well below any
previous constraint. Moreover, PREX is unique in that the
central value of !rnp and L follows from a probe largely
free of strong force uncertainties.

In summary, PREX ought to be instrumental to pave the
way for electroweak studies of neutron densities in heavy
nuclei [9,10,26]. To accurately extract the neutron radius
and skin of 208Pb from the experiment requires a precise
connection between the parity-violating asymmetry APV

and these properties. We investigated parity-violating elec-
tron scattering in nuclear models constrained by available
laboratory data to support this extraction without specific
assumptions on the shape of the nucleon densities. We
demonstrated a linear correlation, universal in the mean
field framework, between APV and!rnp that has very small
scatter. Because of its high quality, it will not spoil the
experimental accuracy even in improved measurements of
APV. With a 1% measurement of APV it can allow one to
constrain the slope L of the symmetry energy to near a
novel 10 MeV level. A mostly model-independent deter-
mination of !rnp of 208Pb and L should have enduring
impact on a variety of fields, including atomic parity
nonconservation and low-energy tests of the standard
model [8,9,32].

We thank G. Colò, A. Polls, P. Schuck, and E. Vives
for valuable discussions, H. Liang for the densities of
the RHF-PK and PC-PK models, and K. Kumar for infor-
mation on PREX kinematics. Work supported by the
Consolider Ingenio Programme CPAN CSD2007 00042

and Grants No. FIS2008-01661 from MEC and FEDER,
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The stairway to heaven 

What powers a star? 

A Gravitational energy B  Chemical energy 
C Radioactivity         D  Nuclear energy      

What do these data points have in common?
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‣Step 1: Create a Flow Diagram: Create a flow 

diagram of  the analysis procedure. 

‣Step 2: Identify Error Sources: For each step, identify 

potential sources of  uncertainty. 

‣Step 3: Quantify Uncertainties: Assign (when 

possible) numerical values to each source of  

uncertainty.

Exercise nr. 1
(let’s walk down the highway to hell)
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• Proton scattering J. Zenihiro et al. Phys. Rev. C 82, 044611 
• Dipole polarisability A. Tamii et al., Phys. Rev. Lett. 107, 062502 
• Coherent pi0  C.M.Tabert et al.  Phys. Rev. Lett. 112, 242502 
• Antiprotonic atoms: A. Trzcinska et al. Phys. Rev. Lett. 87, 082501 
• Heavy Ion collisions G. Giancalone et al. Phys. Rev. Lett. 131, 202302

(*) this is not an acceptable flow diagram!
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• Mediated by 3 massive gauge bosons:  W±, Z0 
• W± and Z0 can interact with each other 
• W± and γ can interact 
• two types of weak interaction: charge (CC) and neutral (NC) currents 
• W± and Z0 also couple to the weak charges of the fermions:

Fermion	   electric charge		 	 	 weak charge 

νe, νμ, ντ

e,μ,τ, 
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d, s, b 

p (uud) 

n (udd)
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The weak interaction in a nutshell
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Non-PV e-scattering 
Electron scattering γ exchange provides Rp through nucleus FFs

PV e-scattering 
Electron also exchange Z, which is parity violating and primarily couples to 
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𝛔 ∝

e e

A A

γ

e e

A A

Z0+

𝛔 ∝ 𝓜𝛄
𝟐

+ 𝟐 𝓜𝛄𝓜𝐙𝟎 + 𝓜𝐙𝟎
𝟐

① ② ③
          normalized to ①:	  𝛔 ∝     𝟏       +      𝟏𝟎−𝟓        +  𝟏𝟎−𝟏𝟎

① pure EM interaction

② interference term
③ pure weak interaction
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Observable Parity-
Violating Asymmetry

•One of the incident beams longitudinally polarized
•Change sign of longitudinal polarization
•Measure fractional rate difference
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Q2 ≈ 0.1 -1 GeV2 → APV ≤ 10-6 - 10-4  
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PVeS: How to ….

1.1.3 Step 3: Determine Weak Form Factor

Determine FW (Q2) using:

APV =
GFQ2

4⇡↵
p
2
· QW

A
· FW (Q2)

Fch(Q2)

Where:

• GF is the Fermi constant: 1.1663787⇥ 10�5 GeV�2

• ↵ is the fine-structure constant: 1/137.035999084

• A is the mass number of 208Pb: 208

• Fch(Q2) is the charge form factor (provided)

1.1.4 Step 4: Extract Neutron Skin Thickness

Use the linear approximation:

Rnp = a · FW (Q2) + b

Where a and b are given constants.

1.2 Error Analysis Exercise

1.2.1 Step 1: Create a Flow Diagram

Create a flow diagram of the analysis procedure.

1.2.2 Step 2: Identify Error Sources

For each step, identify potential sources of uncertainty.

1.2.3 Step 3: Quantify Uncertainties

Assign numerical values to each source of uncertainty.

1.2.4 Step 4: Propagate Errors

Propagate errors from each step to the final neutron skin thickness calcula-
tion.

1.2.5 Step 5: Final Result

Present the final result for the neutron skin thickness with properly calculated
uncertainty.

2
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Krishna S. Kumar Physics with Parity-Violating Electron Scattering

Anatomy of a Parity Experiment
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P. Souder and K. Paschke, Front. Phys. 11(1), 111301 (2016)
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Welcome to Hell!

…. need a few N=1018 e-

… close to 1011 electrons/s

…but statistics is not everything! 😱
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…if you are going through hell keep going!

Blinding factors

Raw Asymmetries  
(Ameas)
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The speed of light vs. year

Just a coincidence that there are 
several measurements in a row that 
have close to the same central values?

Even with such large uncertainties?

Credit: D. Armstrong 
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Have you blinded your analyst?

Just a coincidence that there are 
several measurements in a row that 
have close to the same central values? 
Even with such large uncertainties?



#MakeHumansSmartAgain
… per aspera ad astra …

Armstrongs’ criterion: when to blind

Blinding is a good idea* for any analysis in which: 
a) there is judgment involved -eg.setting cuts, choosing data sets, deciding 
on background subtraction techniques, which polarimeter to trust, linear 
regression vs. beam modulation, Q2ambiguities, GEANT 3 vs GEANT 4 
radiative corrections, etc. 

and 
b) there is an “expected” answer, eg.from precise previous experiments or 
theoretical prediction –eg…..ALWAYS! 

*translation:  absolutely flipping essential
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Table 1. Values of the neutron skins in 48Ca and in 208Pb from a variety of experimental methods.
It is our understanding that the quoted errors refer to one standard deviation. For the values taken
from ref. [12] and ref. [15], the first and second uncertainties are statistical and systematic errors,
respectively. In ref. [14], the first uncertainty is the experimental error, while the second originates
from theoretical modeling of the experimental charge densities. Finally, in the result from ref. [18],
the first two uncertainties are the experimental and the theoretical error, respectively, and the third
one stands for an estimated uncertainty in the symmetry energy at saturation.

Type of Measurement Extracted Neutron Skin in 48Ca Extracted Neutron Skin in 208Pb

Proton-nucleus scattering [4] 0.056 � 0.102 0.083 � 0.111
Proton-nucleus scattering [5] 0.211 +0.054

�0.063
Proton-nucleus scattering [6] 0.20 ± 0.04
Proton-nucleus scattering [7] 0.10 ± 0.03

Polarized proton-nucleus scattering [8] 0.23 ± 0.05 0.16 ± 0.05
Polarized proton-nucleus scattering [9] 0.168 +0.025

�0.028
Polarized proton-nucleus scattering [5] 0.211 +0.054

�0.063
Pionic probes [10] 0.13 ± 0.06 0.11 ± 0.06
Pionic probes [11] 0.11 ± 0.04

Coherent p photoproduction [12] 0.15 ± 0.03+0.01
�0.03

Coherent p photoproduction [13] 0.20 +0.01
�0.03

Antiprotonic atoms [14] 0.20 (±0.04) (±0.05)
Antiprotonic atoms [15] 0.16 (± 0.02) (±0.04)
Antiprotonic atoms [16] 0.15 ± 0.02

Electric dipole polarizability [17] 0.13 � 0.19
Electric dipole polarizability [18] 0.165 (±0.09) (±0.013) (±0.021)

Electric dipole polarizability
via polarized scattering at forward angle [19] 0.156 +0.025

�0.021
Electric dipole polarizability [20] 0.14 � 0.20

Pygmy dipole resonances [21] 0.18 ± 0.035
Interaction cross sections [22] 0.105 ± 0.06
(a, a0) GDR 120 MeV [23] 0.19 ± 0.09
a-particle scattering [24] 0.171 ± 0.05

Figure 1. (Color online) An overview of experimental constraints, taken from ref. [33] (see text for
explanation). On the 48Ca (208Pb) side, the last point on right is the result of CREX [2] (PREX-II [3]).
The horizontal lines mark the weighted means of the experiments ± one standard deviation, not
including parity-violating electron scattering.
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The art of being consistently wrong1.1.3 Step 3: Determine Weak Form Factor

Determine FW (Q2) using:

APV =
GFQ2

4⇡↵
p
2
· QW

A
· FW (Q2)

Fch(Q2)

Where:

• GF is the Fermi constant: 1.1663787⇥ 10�5 GeV�2

• ↵ is the fine-structure constant: 1/137.035999084

• A is the mass number of 208Pb: 208

• Fch(Q2) is the charge form factor (provided)

1.1.4 Step 4: Extract Neutron Skin Thickness

Use the linear approximation:

Rnp = a · FW (Q2) + b

Where a and b are given constants.

1.2 Error Analysis Exercise

1.2.1 Step 1: Create a Flow Diagram

Create a flow diagram of the analysis procedure.

1.2.2 Step 2: Identify Error Sources

For each step, identify potential sources of uncertainty.

1.2.3 Step 3: Quantify Uncertainties

Assign numerical values to each source of uncertainty.

1.2.4 Step 4: Propagate Errors

Propagate errors from each step to the final neutron skin thickness calcula-
tion.

1.2.5 Step 5: Final Result

Present the final result for the neutron skin thickness with properly calculated
uncertainty.

2
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‣Step 1: Create a Flow Diagram: Create a flow 

diagram of  the analysis procedure. 

‣Step 2: Identify Error Sources: For each step, identify 

potential sources of  uncertainty. 

‣Step 3: Quantify Uncertainties: Assign (when 

possible) numerical values to each source of  

uncertainty.

Exercise nr. 1
(let’s walk down the highway to hell)

#MakeHumansSmartAgain
… per aspera ad astra …

• Proton scattering J. Zenihiro et al. Phys. Rev. C 82, 044611 
• Dipole polarisability A. Tamii et al., Phys. Rev. Lett. 107, 062502 
• Coherent pi0  C.M.Tabert et al.  Phys. Rev. Lett. 112, 242502 
• Antiprotonic atoms: A. Trzcinska et al. Phys. Rev. Lett. 87, 082501 
• Heavy Ion collisions G. Giancalone et al. Phys. Rev. Lett. 131, 202302

(*) this is not an acceptable flow diagram!
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Discussion
(let’s walk down the highway to hell)
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PVeS: How to ….
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Krishna S. Kumar Physics with Parity-Violating Electron Scattering

Anatomy of a Parity Experiment

!7

C.Y. Prescott, et al.

! Beam helicity sequence is chosen pseudo-randomly 
• Helicity state, followed by its complement 
• Data analyzed as “pulse-pairs”

The E122 Experiment at the Stanford Linear Accelerator Center
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Krishna S. Kumar Physics with Parity-Violating Electron Scattering

Anatomy of a Parity Experiment

!7

C.Y. Prescott, et al.

• Beam Monitors to measure 
helicity-correlated changes in 
beam parameters

• High-power cryotarget 
30 cm long for high 
luminosity

The E122 Experiment at the Stanford Linear Accelerator Center
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• Polarimetry

The E122 Experiment at the Stanford Linear Accelerator Center
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Krishna S. Kumar Physics with Parity-Violating Electron Scattering

Anatomy of a Parity Experiment

!7

C.Y. Prescott, et al.

• Magnetic spectrometer 
directs flux to background-
free region

• Flux Integration 
measures high rate 
without deadtime

The E122 Experiment at the Stanford Linear Accelerator Center


