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Heavy Nuclei and Coulomb Distortion
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Electrons scattering from nuclei can 
be accelerated/decelerated in the 
Coulomb field of the nucleus

à This effect is in general NOT
included in most radiative 
corrections procedures
à Important to remove/correct for 
apparent changes in the cross 
section due to Coulomb effects

In a very simple picture – Coulomb field induces a change in kinematics in the 
reaction

Electrostatic potential energy at center of nucleus

Ee à Ee + V0

Ee’à Ee’ + V0

V0=3a(Z-1)/2R
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Coulomb Corrections in QE Processes
Importance of Coulomb Corrections in quasi-elastic processes well known

Gueye et al., PRC60, 044308 (1999)

Distorted Wave Born Approximation calculations are possible – but difficult to apply to 
experimental cross sections
àInstead use Effective Momentum Approximation (EMA) tuned to agree with DWBA 
calculations
EMA:           Ee à Ee + V0 Ee’à Ee’ + V0 with “focusing factor”  F2 = (1+V0/E) 

V0 à (0.7-0.8)V0, V0=3a(Z-1)/2R

[Aste et al, Eur.Phys.J.A26:167-178,2005,  Europhys.Lett.67:753-759,2004]

V0 = 10 MeV for Cu, 20 MeV for Au

data are available for both 12C !21" and 208Pb !22" over a
wide range of incident energies at the same angle. An inter-
polation procedure allowed us to find the incident electron
energy Ee! whose response corresponds to the optimal
matching between the positions of the electron and positron
quasielastic peaks. We chose paths of interpolation which
connect the maxima as well as the minima of the measured
response functions, and in between, we followed the paths of
the constant ratio between maximum and minimum.
Finally, the electron energy Ee! and the relative normal-

ization factor N of the electron and positron spectra are var-
ied to minimize the #2 between the two responses. The ex-
perimental value of the effective Coulomb potential energy
is then obtained as

!VC!"$Ee#!Ee!%/2.

If EMA is a good approximation, we must find a good
matching between the two spectra and a value of N compat-
ible with unity. In addition, the value of VC for different
kinematics on the same target should be the same. The re-
maining differences between the positron and electron re-
sponses, if any, are due to higher-order effects $focusing%.

B. Experimental results

Figures 5, 6, and 7 show the electron and positron re-
sponse functions after radiative corrections for the two 208Pb
and the 12C kinematics. We observe a shift between the elec-
tron and positron responses which increases with the nucleus
charge.
Figures 8, 9, and 10 present the positron response func-

tions for the three kinematics, together with the electron re-
sponses which result from the fitting procedure described in
Sec. III A, i.e., at incident energies Ee#!2!VC! and normal-
ized by the factor N. We note an overall fair agreement be-
tween the positron and electron responses.
The results of the Coulomb potential determination are

summarized in Table I for all the kinematics. For 208Pb the
VC values obtained for the two kinematics covered by this

FIG. 5. Positron and electron response functions for the kine-
matics 208Pb 420 MeV-60°.

FIG. 6. Positron and electron response functions for the kine-
matics 208Pb 262 MeV-143°.

FIG. 7. Positron and electron response functions for the kine-
matics 12C 420 MeV-60°.

FIG. 8. Positron experimental response function for the kine-
matics 208Pb 420 MeV-60° $full circles% compared to the electron
response function at Ee!"Ee#!2!VC!"383 MeV normalized by
the factor N"1.04 $open circles%. The positron elastic tail is at 420
MeV $dotted-dashed line%, the electron elastic tail is at 383 MeV
$dashed line%. Calculations by the Ohio group !14" are shown for
positron at 420 MeV $thick solid line% and for the electron at 383
MeV $thick dashed line%. Calculations by Traini et al. !12" are
shown for a positron at 420 MeV $thin solid line% and for electron at
383 MeV $thin dashed line%. The difference between the thin solid
and thin dashed lines is very small and cannot be distinguished in
the figure.
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Coulomb Corrections in Inelastic Scattering

• E. Calva-Tellez and D.R. Yennie, Phys. Rev. D 20, 105 (1979)
– Perturbative expansion in powers of strength of Coulomb field
– Effect of order à
– “For any reasonable kinematics, this is completely negligible”

• B. Kopeliovich et al., Eur. Phys. J. A 11, 345 (2001)
– Estimates non-zero effect using Eikonal approximation à

applies estimates to vector meson production, not DIS

• O. Nachtmann, Nucl. Phys. B 18, 112 (1970)
– Coulomb Corrections for neutrino reactions
– DWBA calculation that results in modifications to structure 

functions à “at most 5%” effects for energies > 1 GeV
– Final state particle only 
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Application: EMC Effect
JLab E03-103 (6 GeV) measured sA/sD for light and heavy nuclei
à Study modification of quark distributions in nuclei  à EMC effect

sA/sD for Gold
A=197 Z=79

SLAC E-139
Ee ~ 8-25 GeV
Ee’ ~4-8 GeV

JLab E03-103
Ee ~ 6 GeV
Ee’ ~1-2 GeV

No Coulomb Corrections applied

(preliminary 2017)



6

Application: EMC Effect
Coulomb corrections significantly larger for JLab data à 5-10%, SLAC à 1-2%

sA/sD for Gold
A=197 Z=79

SLAC E-139
Ee ~ 8-25 GeV
Ee’ ~4-8 GeV

JLab E03-103
Ee ~ 6 GeV
Ee’ ~1-2 GeV

with Coulomb Corrections (both data sets) 

(preliminary 2017)
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Application: RA-RD

Measurements of EMC effect often assume sA/sD = F2
A/F2

D 

à this is true if R=sL/sT is the same for A and D

€ 

dσ
dΩdE / =

4α 2(E / )2

Q4ν
F2(ν,Q

2)cos2 θ
2

+
2
Mν

F1(ν,Q
2)sin2 θ

2
⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ 

å=
i

ii xxqexF )()( 2
2

DIS/Inelastic cross section:

Quark distribution functions

€ 

dσ
dΩdE '

= Γ σT (ν,Q
2) + εσ L (ν,Q

2)[ ] F1 a sT F2 linear combination of sT and sL

SLAC E140 set out to measure R=sL/sT in deuterium and the nuclear 
dependence of R, i.e.,  measure RA - RD
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RA-RD: E140 Re-analysis

[E140 Phys. Rev. D 49 5641 (1993)]

E140 measured e dependence of 
cross section ratios sA/sD for

x=0.2, 0.35, 0.5
Q2 = 1.0, 1.5, 2.5, 5.0 GeV2

Iron and Gold targets

RA – RD consistent with zero within 
errors

No Coulomb corrections were applied

Large e data: Ee ~ 6-15 GeV   Ee’ ~ 3.6-8 GeV
Low e data:   Ee ~ 3.7-10 GeV   Ee’ ~ 1-2.6 GeV
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RA-RD: E140 Re-analysis

Re-analyzed E140 data using 
Effective Momentum Approximation 
for published “Born”-level cross 
sections
à Total consistency requires 
application to radiative corrections 
model as well 

RA-RD = -2E-4 +/- 0.02

RA-RD = -0.03 +/- 0.02

Including Coulomb Corrections 
yields result 1.5 s from zero when 
averaged over x
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RA-RD at x=0.5

RA-RD = -0.011 +/- 0.051

No Coulomb Corrections

Interesting result from E140 re-
analysis motivated more 
detailed study
à x=0.5, Q2=5 GeV2

à Include E139 Fe data
à Include JLab data 

Cu, Q2=4-4.4 GeV2

Normalization uncertainties 
between experiments treated 
as extra point-to-point errors

No Coulomb Corrections à
combined analysis still yields 
RA-RD ~ 0

(preliminary 2017)
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RA-RD at x=0.5

RA-RD = -0.062 +/- 0.052

with Coulomb Corrections

Interesting result from E140 re-
analysis motivated more 
detailed study
à x=0.5, Q2=5 GeV2

à Include E139 Fe data
à Include JLab data 

Cu, Q2=4-4.4 GeV2

Normalization uncertainties 
between experiments treated 
as extra point-to-point (between 
data sets) errors

Application of Coulomb Corrections à RA-RD 1.2 s from zero

(preliminary 2017)
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RA-RD at Large x
• Evidence is suggestive that RA-RD < 0 at large x

– Effect is not large – depends on precision of the experimental 
data

– Coulomb Corrections are crucial to observation/existence of this 
effect à CC has significant dependence on electron energy, 
varies between ε settings

• Implications of RA-RD < 0 
– F1, F2 not modified in the same way in nuclei
– What does this mean for our understanding of the EMC effect?
– Parton model: R=4<KT

2>/Q2, <KT
2> smaller for bound nucleons? 

[A. Bodek,  PoS DIS2015 (2015) 026]
• Additional data (dedicated measurement) in DIS region required



13

L/Ts at central 
kinematics

L/Ts in the 
acceptance

example

JLab Experiment 12-14-002
Precision Measurements 
and Studies of a Possible 
Nuclear Dependence of 
R=σL/σT
[S. Malace, M.E. Christy, D. 
Gaskell, C. Keppel, P. 
Solvignon]

Measurements of nuclear 
dependence of structure 
functions, RA-RD via direct 
L-T separations

Detailed measurements of x and Q2 dependence for Copper target
à A dependence at select kinematics using C and Au
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E12-14-002 Experimental Hall C
Spectrometers

HMS:
dΩ ~ 6 msr, P0= 0.5 – 7 GeV/c
θ0=10.5 to 80 degrees
e ID via calorimeter and gas 
Cerenkov

SHMS: 
dΩ ~ 4 msr, P0= 1 – 11 GeV/c
θ0=5.5 to 40 degrees
e ID via heavy gas Cerenkov 
and calorimeter 

Excellent control of point-to-point 
systematic uncertainties required for 
precise L-T separations
à Ideally suited for focusing 

spectrometers

SHMS

HMS

Perform L-T separations using 
same spectrometer for all e
points as much as possible



15

JLab Experiment 12-14-002 

Projections shown at central kinematics only; enhanced 
coverage by adding L/Ts from spectrometers acceptance 

Experiment will study 
RA-RD in both the EMC 
effect and anti-shadowing 
regions

Overlap previous L-T separated data but 
will extend to both smaller and larger x
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E12-14-002 and Coulomb Corrections
Coulomb corrections a key 
systematic issue for E12-14-002

à L-T separations require varying 
epsilon. Smaller epsilon 
corresponds to smaller beam 
energies and scattered 
electron momenta à larger 
Coulomb corrections

à Size of Coulomb correction 
highly correlated with the very 
effect we are trying to study

à Need robust tests to verify CC 
magnitude and epsilon 
dependence

smaller e
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Testing Coulomb Corrections with 
Electrons

Coulomb corrections can be tested by measuring target ratios at fixed x and e
à Varying Q2 allows us to change E/E’ and hence size of CC

�A

�D
=

FA
2 (1 + ✏RA)(1 +RD)

FD
2 (1 +RA)(1 + ✏RD)

Fixed e eliminates potential 
dependence on RA-RD

Fixed x required due to EMC effect

49 MEASUREMENT OF THE A DEPENDENCE OF DEEP-. . . 4363

ranged from negligible (below 0.1%) up to about 10% in
the case of Au at x =0.8. We have assigned relative sys-
tematic uncertainties to the cross-section ratios due to
uncertainties in the values of o„/o~ at high x which
ranged from below O. l%%uo up to +0.7%%uo.
The ratios of cross sections per average isoscalar nu-

cleon for heavy targets compared to deuterium,
(o "/o );„aregiven in Table VII. The systematic errors
are itemized in Table VI. Since

&& Be & Fe(E140) ~ Fe(E139/BCDMS) o Au
o Al & Fe & Ca{E139/NMC)

0.01—
')'~(

0 f 1 ()

o'I, /o r = I (Ft /2xF i )[( I +4M x )/Q ]I —1

has been measured [47] to be independent of atomic
weight, the ratio of cross sections, o "/crd, is the same as
the ratio of structure functions, F2" /F2 and F,"/F, .
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1. Q~ dependence

These ratios (cr "/o");, are shown in Fig. 12 as a func-
tion of Qs for Fe and Au. Also shown are data from the
BCDMS experiment [3]. There appears to be no
significant Q dependence across the entire kinematic
range. For each value of x, the SLAC data were fit with
the linear form C, (1+C&Q ). Figure 13 shows C& as a
function of x and indicates quantitatively that there is no
significant Q dependence. Also shown for Fe and Ca is
the slope obtained combining our data with that of
BCDMS [3] and the New Muon Collaboration (NMC)
[6], respectively, which also show no Q dependence.
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FIG. 13. Q dependence of (rr "/od);, at various values of x.
The slope parameter d(o "/cr~)/dQ~ is shown for the data for
this experiment for Be, Al, Fe, and Au. Also shown for Fe is
the slope from the SLAC E140 data [47] and the slope from the
data from this experiment (E139) and from BCDMS [3] com-
bined. For Ca the E139 and NMC [6] results have been com-
bined. Points at the same value of x have been slightly offset for
clarity.

2. x dependence

The cross-section ratios (o "/o );„averaged over Q,
are shown as a function of x in Fig. 14, where each point
corresponds to one spectrometer setting. The spectrome-
ter momentum-angle bite at each kinematic point was
also partitioned to obtain the ratios of cross sections per
nucleon in smaller ("fine") x bins. These ratios, averaged
over Q, are shown in Fig. 15 and Table VIII as functions
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FIG. 12. Solid circles show (cr "/o ~);, as a function of Q for
different x values for Fe and Au targets for this experiment.
The errors are statistical and point-to-point systematic added in
quadrature. The ratio is for a hypothetical isoscalar nucleus
with the same atomic number. The horizontal broken lines
represent the Q -averaged ratios. Also shown at large Q are
data from the BCDMS Collaboration [3]with total errors (open
circles).
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FIG. 14. Q~-averaged (cr "/o );, ratios for isoscalar nuclei as
a function of x. Data have been binned by single momentum-
angle bite of the spectrometer. The errors shown are the com-
bined statistical and point-to-point systematic errors. In addi-
tion, there is a target-to-target systematic error shown in Table
VII and an overall normalization of 1% dominated by the deu-
terium density.

EMC effect measurements have 
shown little or no dependence on Q2
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E12-14-002 Coulomb Corrections Test

e Q2 (GeV2) E (GeV) E’ (GeV) q (deg.) W (GeV) CCoulomb

0.2 3.48 4.4 0.69 64.6 2.08 11.6%

0.2 9.03 11.0 1.38 45.5 3.10 6.2%

0.7 2.15 4.4 2.11 27.9 1.74 3.5%

0.7 5.79 11.0 4.83 19.0 2.58 1.9%

x=0.5Gold target

CC test will 
measure precise 
Au/D ratios
à 2 shifts (16 
hours) at 60 µA

Statistics goals: 100k events for deuterium, 50k for gold
à 0.55% uncertainty in ratio (statistics)
à Effect is potentially large at these kinematics, but want to test to high 

precision to minimize contribution to point-to-point uncertainties
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E12-14-002 Coulomb Corrections Test

e Q2 (GeV2) E (GeV) E’ (GeV) q (deg.) W (GeV) CCoulomb

0.2 3.48 4.4 0.69 64.6 2.08 11.6%

0.2 9.03 11.0 1.38 45.5 3.10 6.2%

0.7 2.15 4.4 2.11 27.9 1.74 3.5%

0.7 5.79 11.0 4.83 19.0 2.58 1.9%

x=0.5Gold and Deuterium targets

e=0.7e=0.2

CC test will 
measure precise 
Au/D ratios
à 2 shifts (16 
hours) at 60 µA

Assume point-to-point uncertainty ~ 1% - normalization uncertainty not shown
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Testing Coulomb Corrections with 
Positrons

Positron beam at JLab an excellent opportunity for studying Coulomb 
Corrections in DIS

Key questions:
1. Are Coulomb Corrections even relevant for DIS?

• For QE scattering effects have been clearly observed 
experimentally – clear consensus that CC are required

• “Makes sense” that they should be needed for DIS, but not a 
proof

2. Is the Effective Momentum Approximation (EMA) 
adequate/appropriate for DIS?
• EMA has been checked/optimized in QE scattering via 

comparisons to DWBA calculations
• Equivalent calculations for DIS appear to be more challenging 

and perhaps model dependent
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E12-14-002 Coulomb Corrections Test 
with Positrons

e Q2 (GeV2) E (GeV) E’ (GeV) q (deg.) W (GeV) CCoulomb

0.2 3.48 4.4 0.69 64.6 2.08 -11.6%

0.2 9.03 11.0 1.38 45.5 3.10 -6.2%

0.7 2.15 4.4 2.11 27.9 1.74 -3.5%

0.7 5.79 11.0 4.83 19.0 2.58 -1.9%

x=0.5Gold and Deuterium targets

Starting point for CC test w/positrons: E12-14-002 CC test kinematics
à Polarization not required, so currents ~1 µA hopefully available
à Magnetic focusing spectrometers still desirable for excellent PID, good 

control of acceptance
à Target ratios (Au/D) minimize uncertainty in e+/e- comparison – less 

sensitive to absolute measurement of beam current  

Assuming same statistics goals as electron kinematics (100k deuterium, 50k 
gold) would take 60 * 16 hours = 960 hours à 40 days

Can use thicker targets, etc., but this would improve things by about a factor 
of 4 à more modest statistics goals are still useful

Assume CC for 
positrons = 1/CC for 
electrons.
In EMA: 
Ee à Ee + V0 (e-)
Ee à Ee - V0 (e+)
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E12-14-002 Coulomb Corrections Test 
w/Positrons

e Q2 (GeV2) E (GeV) E’ (GeV) q (deg.) W (GeV) CCoulomb

0.2 3.48 4.4 0.69 64.6 2.08 -11.6%

0.2 9.03 11.0 1.38 45.5 3.10 -6.2%

0.7 2.15 4.4 2.11 27.9 1.74 -3.5%

0.7 5.79 11.0 4.83 19.0 2.58 -1.9%

x=0.5Gold target

e=0.7e=0.2

Assuming 1 µA, 
10k for all settings 
and targets
à 7 days
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E12-14-002 Coulomb Corrections Test 
w/Positrons

e=0.7e=0.2

Clearest sign of CC from super-ratio for e+/e-: R =

⇣
�Au
�D

⌘e+

⇣
�Au
�D

⌘e�
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Additional Coulomb Correction Studies

• More studies could be carried out to further elucidate 
Coulomb Corrections and provide data to test models (EMA)
– More targets

• Light target like carbon would provide useful calibration 
point where impact of CC expected to be small

• Another heavy target (like iron or copper) would help 
verify/quantify Z dependence of effect and correction

– More kinematics 
• Would be helpful to reproduce a couple E12-14-002 L-T 

separations with positrons to obtain a full extraction of 
RA-RD

• Example: x=0.5, Q2=3 and Q2=5 GeV2
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Summary
• An unpolarized positron beam with currents ~ 1µA would allow 

precise studies of the relevance and size of Coulomb Corrections in 
DIS from nuclei

• An experiment could be performed in about 2-4 weeks of beam time 
that would use a subset of the kinematics from E12-14-002

• Use of target ratios (A/D) allows one to compare electron and 
positron results directly without requiring rapid switching between 
electron and positron beams
– Main requirement is to have beam energy the same as much as 

possible
• Verification (or not) of the validity of the EMA for DIS has important 

implications for the nuclear dependence of structure functions, in 
particular RA-RD at large x

• Coulomb corrections also relevant for other reactions
– Hadronization studies: e+A à e’+p+X
– x>1, A(e,e’) at large Q2

– Color transparency: A(e,e’p)/H(e,e’p)


