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energies, naively one might expect the integral to go to 
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Scattering response 
due to magnetic propertiesCoulomb Sum Rule definition:

If one integrates the charge response divided by the 
total charge form factor over all available virtual photon 
energies, naively one might expect the integral to go to 
unity.At small |q| , SL will deviate from unity 

due to long range nuclear effects, Pauli blocking. 
(directly calculable, well understood).

THE COULOMB SUM RULE IN NUCLEI



COULOMB SUM RULE
Inclusive electron scattering cross-section:

Scattering response 
due to charge properties

Scattering response 
due to magnetic propertiesCoulomb Sum Rule definition:

If one integrates the charge response divided by the 
total charge form factor over all available virtual photon 
energies, naively one might expect the integral to go to 
unity.At small |q| , SL will deviate from unity 

due to long range nuclear effects, Pauli blocking. 
(directly calculable, well understood).

At large |q| >> 2kf , SL should go to 1.  Any significant* deviation from this 
would be an indication of relativistic or medium effects distorting the nucleon form factor!

*Short range correlations will also quench SL, but only by < 10%
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Scattering response 
due to magnetic properties

If one integrates the charge response divided by the 
total charge form factor over all available virtual photon 
energies, naively one might expect the integral to go to 
unity.

At large |q| >> 2kf , SL should go to 1.  Any significant* deviation from this 
would be an indication of relativistic or medium effects distorting the nucleon form factor!

*Short range correlations will also quench SL, but only by < 10%

▸ Long standing issue with many years of 
theoretical interest. 

▸ Even most state-of the-art models cannot 
predict existing data. 

▸ New precise data at larger |q| would 
provide crucial insight and constraints to 
modern calculations.
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QUASI-ELASTIC SCATTERING

▸ Quasi-elastic scattering at 
intermediate Q2 is the region of 
interest for our experiment: 

▸ Nuclei investigated: 

▸ 4He 

▸ 12C 

▸ 56Fe 

▸ 208Pb

We want to integrate above the coherent elastic peak: 
Quasi-elastic is “elastic” scattering on constituent nucleons inside nucleus.
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PUBLISHED EXPERIMENTAL RESULTS

▸ First group of experiments from Saclay, 
Bates, and SLAC show a quenching of 
SL consistent with medium modified 
form-factors.

3He
208Pb
40Ca
56Fe⨉

Solid line is calculation 
without medium modifications 
(Adjusted for experimental phase-space)

Dash-dot line is calculation 
with medium modifications 
(Adjusted for experimental phase-space)

|qeff| is |q| corrected for a nuclei dependent mean coulomb potential. 
Methodology agreed on by Andreas Aste, Steve Wallace and John Tjon.
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PUBLISHED EXPERIMENTAL RESULTS

▸ First group of experiments from Saclay, 
Bates, and SLAC show a quenching of 
SL consistent with medium modified 
form-factors. 

▸ Very little data above |q| of 600 MeV/c, 
where the cleanest signal of medium 
effects should exist! 

▸ Saclay, Bates limited in beam energy 
reach up to 800 MeV. 

▸ SLAC limited in kinematic coverage 
of scattered electron at |q| below 
1150 MeV/c.

3He
208Pb
40Ca
56Fe⨉

|qeff| is |q| corrected for a nuclei dependent mean coulomb potential. 
Methodology agreed on by Andreas Aste, Steve Wallace and John Tjon.

Solid line is calculation 
without medium modifications 
(Adjusted for experimental phase-space)

Dash-dot line is calculation 
with medium modifications 
(Adjusted for experimental phase-space)
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EXPERIMENTAL DESIGN

▸ Need RL           Use Rosenbluth separation! 

▸ Experiment run at 4 angles per target: 15, 60, 90, 120 degs.  Very large lever arm for precise 
calculation of RL! 

▸ Need data for each angle at a constant |q| over an ω range starting above the elastic peak up to |q|. 

▸ When running a single arm experiment with fixed beam energy and scattering angle, |q| is NOT 
constant over your momentum acceptance. 

▸ Need to take data at varying beam energies, and “map-out” |q| and ω space.

Slope = 

Intercept = 
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EXPERIMENTAL DESIGN

▸ If one wants to measure from 100 to 
600 MeV ω at constant |q| = 650 
MeV/c

CSR calculated at constant |q| !!
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EXPERIMENTAL DESIGN

▸ If one wants to measure from 100 to 
600 MeV ω at constant |q| = 650 
MeV/c 

▸ Take data at different beam 
energies, and interpolate to 
determine cross-section at 
constant |q|.

Ebeam = 1.26 GeV

Ebeam = 1.65 GeV

Ebeam = 2.15 GeV

Ebeam = 2.45 GeV

Ebeam = 2.85 GeV

Ebeam = 3.68 GeV

q vs. ω coverage for 15 degree Iron data
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▸ If one wants to measure from 100 to 
600 MeV ω at constant |q| = 650 
MeV/c 

▸ Take data at different beam 
energies, and interpolate to 
determine cross-section at 
constant |q|. 

▸ |q| can be selected between 550 
and 1000 MeV/c

Ebeam = 1.26 GeV

Ebeam = 1.65 GeV

Ebeam = 2.15 GeV

Ebeam = 2.45 GeV

Ebeam = 2.85 GeV

Ebeam = 3.68 GeV

Repeat this “mapping” for 60, 90,  
and 120 degree  spectrometer central angles.
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EXPERIMENTAL SPECIFICS
▸ E05-110: 

▸ Data taken from October 23rd 
2007 to January 16th 2008 

▸ 4 central angle settings: 15, 60, 
90, 120 degs. 

▸ Many beam energy settings: 
0.4 to 4.0 GeV 

▸ Many central momentum 
settings: 0.1 to 4.0 GeV 

▸ LHRS and RHRS independent 
(redundant) measurements for 
most settings 

▸ 4 targets: 4He, 12C, 56Fe, 208Pb.
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And again (LHRS & RHRS) for 4He, 
56Fe, and 208Pb
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And again (LHRS & RHRS) for 4He, 
56Fe, and 208Pb 

Aiming for 1% to 2% precision on XS
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ELASTIC XS CALCULATIONS, AND ELASTIC TAIL CORRECTIONS

12C elastic XS at 1260 MeV, 15 degrees

< 1 % deviation 
from calculation

▸ Blue histograms are reconstructed data. 

▸ Red histograms are monte-carlo: 

▸ Event sample generated from expected 
XS calculations (Fourier-Bessel fit to world 
data) 

▸ Radiative effects (internal, external, vertex) 
are handled, including exact 
bremsstrahlung distributions. 

▸ Resolution effects are applied by 
calculating the expected material effects 
of tracks passing through the VDC 
chamber materials.
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12C elastic XS at 1260 MeV, 15 degrees

< 1 % deviation 
from calculation

ELASTIC XS CALCULATIONS, AND ELASTIC TAIL CORRECTIONS
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12C elastic XS at 400 MeV, 35 degrees

< 1 % deviation 
from calculation

ELASTIC XS CALCULATIONS, AND ELASTIC TAIL CORRECTIONS
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EXCITED ELASTIC STATES

F(q) =
1
Z

e− 1
2 (bq)2

nmax

∑
n=1

cn(bq)2n

Extractions of excited elastic states based on fit of 
transition form-factors to world data. 

Functional form follows an analytic, global, and model-
independent analysis introduced recently* (mostly in the 
study of the  "Hoyle" state)0+

2

World Data 
Fit

2+
1 3−

1 0+
2

4+
1 1−

1

* M. Chernykh, et al. Phys. Rev. Lett. 105
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* M. Chernykh, et al. Phys. Rev. Lett. 105

EXCITED ELASTIC STATES

Data 
Sim

Elastic 
Peak

2+
1

3−
14+

1

Elastic 
Peak

2+
1

3−
1

4+
1

0+
2

Higher States 
(not calculated)

Continuum to 
Quasi-elastic 
estimation

Excited states calculation allows for: 

A)  More accurate elastic + excited 
tail subtraction 

B) Subtraction and access to lower 
energy transfer

Beam Energy: 400 MeV  
Angle: 26 degs 
Target: 12C

Beam Energy: 1260 MeV  
Angle: 15 degs 
Target: 12C
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MAGNET RESCATTERING
▸ At low central momentum, magnet-rescattered events may be present.

Simulation + Gaussian Fit 
Data + 3 Gaussian Fit 
Data central gaussian 
Data outer 2 gaussian 
Proposed cut line

Events cut / Total = 0.22

LHRS  y-detected (at VDC in hut)

Positron Run 

112 MeV cent-p
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MAGNET RESCATTERING
▸ At low central momentum, magnet-rescattered events may be present.

Simulation + Gaussian Fit 
Data + 3 Gaussian Fit 
Data central gaussian 
Data outer 2 gaussian 
Proposed cut line

Events cut / Total = 0.13

LHRS  y-detected (at VDC in hut)

Electron Run 

122 MeV cent-p
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MAGNET RESCATTERING

Simulation + Gaussian Fit 
Data + 3 Gaussian Fit 
Data central gaussian 
Data outer 2 gaussian 
Proposed cut line

Events cut / Total = 0.025

LHRS  y-detected (at VDC in hut)

Electron Run 

200 MeV cent-p
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Q3 exit from tgt variables & LeRose function Q3 exit from fp variables (linear extrapolation)

Q1 exit from tgt variables & LeRose function 

DATA is e- LHRS 930 MeV cent-p  with NO SPECTROMETER CUTS 

DATA is propagated through LeRose functions (from target variables) 

DATA is linearly extrapolated from FP variables to Q3 exit to compare 
LeRose vs pure DATA

▸ We can use LeRose's transport functions to estimate the 
distributions at the Q1 and Q3 exit.
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Q3 exit from tgt variables & LeRose function Q3 exit from fp variables (linear extrapolation)

Q1 exit from tgt variables & LeRose function 

DATA is e- LHRS 930 MeV cent-p  with Y-DETECTED TAILS CUT 

DATA is propagated through LeRose functions (from target variables) 

DATA is linearly extrapolated from FP variables to Q3 exit to compare 
LeRose vs pure DATA

▸ We can use LeRose's transport functions to estimate the 
distributions at the Q1 and Q3 exit.
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Q3 exit from tgt variables & LeRose function Q3 exit from fp variables (linear extrapolation)

Q1 exit from tgt variables & LeRose function 

DATA is e- LHRS 930 MeV cent-p  with Y-DETECTED TAILS CUT 

DATA is propagated through LeRose functions (from target variables) 

DATA is linearly extrapolated from FP variables to Q3 exit to compare 
LeRose vs pure DATA

▸ We can use LeRose's transport functions to estimate the 
distributions at the Q1 and Q3 exit.
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Q3 exit from tgt variables & LeRose function Q3 exit from fp variables (linear extrapolation)

Q1 exit from tgt variables & LeRose function 

DATA is e- LHRS 930 MeV cent-p  with Y-DETECTED TAILS CUT 

DATA is propagated through LeRose functions (from target variables) 

DATA is linearly extrapolated from FP variables to Q3 exit to compare 
LeRose vs pure DATA

▸ We can use LeRose's transport functions to estimate the 
distributions at the Q1 and Q3 exit.

Dipole edges are seen

Most events outside Q1 exit
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Q3 exit from tgt variables & LeRose function Q3 exit from fp variables (linear extrapolation)

Q1 exit from tgt variables & LeRose function 

DATA is e- LHRS 930 MeV cent-p  with Y-DETECTED TAILS CUT && 
STANDARD SPECTROMETER CUTS 

DATA is propagated through LeRose functions (from target variables) 

DATA is linearly extrapolated from FP variables to Q3 exit to compare 
LeRose vs pure DATA

▸ We can use LeRose's transport functions to estimate the 
distributions at the Q1 and Q3 exit.

Most events outside Q1 exit
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Beam-E 646 & 740 MeV Positron
Beam-E 740 MeV electron
Beam-E 400 electron

LHRS 120 deg, Carbon Target

Central Momentum

C
or
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n 
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ct
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▸ Background seems more 
prevalent in positron data. 

▸ Background looks to be 
topology dependent.
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SUMMARY / LOOKING AHEAD

▸ Recent efforts: 
▸ Updated bin-centering correction  
▸ A magnet-rescattering background study is under way: 
▸ Needs to be evaluated for all angles, beam-energies, and targets. 

▸ Up next: 
▸ A careful evaluation of the relativistic corrections. 
▸ Full systematic studies 
▸ Publish
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and 
 Hall-A collaboration

Spokespersons Run Coordinators

THANK YOU!!!

PhD Students
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