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High-energy electromagnetic scattering on light nuclei

Science: Neutron + proton for hadron spin/mass, QCD origin of nuclear interactions, 
nuclear quarks/gluons, 3D imaging of nuclei, coherence and diffraction…

Intersection: Low-energy nuclear structure  high-energy process↔

Evolution: JLab 6/12 GeV  EIC→

Study group

Goals: Provide training in specific theoretical and experimental methods for high-energy scattering on light nuclei. 
Develop community in light-ion physics with EIC

Target audience: Graduate students / postdocs / researchers in theoretical and experimental nuclear physics  
and related areas

Activities: Online lectures + discussion: 1 topic per session, ~1.5 h.  
Interactive learning with notebooks/code 

Communication: Indico pages: https://indico.jlab.org/event/1058 
Slack channel: [Invite link]

More information: Summer School  
“Light-ion physics with EIC”,  
FlU, 19-27 Jun 2025 [Webpage]
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Upcoming lectures

Topics: Nuclear structure theory, nuclear reactions, polarized ion physics

Please suggest topics/lecturers/activities!

Announcements will be distributed: E-mail, Slack, Mailing lists (EICUG)

Dates/times can be adjusted for schedule and timezones

Please join us!



Today's lecture + discussion
Wed 27 May, 11 AM EDT

Simon Širca (U. of Ljubljana):

Electron scattering from polarized deuterons in fixed-target experiments

Indico: https://indico.jlab.org/event/1073

One of the sections of the AmPS stretcher ring (photo: NIKHEF)
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The T20(70
→) results from MIT-Bates

• The 1984 and 1991/1994 MIT-Bates experiments yielded deuteron tensor
polarizations t20 via d(e, e→↑↓d ) by using recoil polarimetry
Schulze++, PRL 52, 597 (1984)
The++, PRL 67, 173 (1991)
Garçon++, PRC 49, 2516 (1994)

• The 2004/2005 experiments at BLAST
(using ABS) extracted T20 and T21 like
at NIKHEF
ω Small T22 contribution subtracted

by using a parameterization of
previous low-Q data

ω In absence of absolute polarimetry,
polarization and spin angle calibrated
by the two lowest-Q points

Zhang++, PRL 107, 252501 (2011)

respectively. Two asymmetries were measured simulta-
neously corresponding to electrons scattered into the left
and right sector.

Two sets of data were taken during late 2004 and early
2005. The integrated luminosities were 140 pb!1 and
340 pb!1, corresponding to 370 kC and 560 kC integrated
charge, respectively. The target spin was directed in the
horizontal plane on average to 31:7" and 47:7" to the left
side of the beam for the 2004 and 2005 data sets, respec-
tively, each with about #0:5" uncertainty. The spin angle
in each case varied by a few degrees along the cell and was
corrected using a carefully measured field map. The aver-
age spin angle was calibrated simultaneously with the
target tensor polarization by comparing the elastic tensor
asymmetries at low momentum transfer 1:75<Q<
2:15 fm!1 to Monte Carlo simulations based on
parametrization III [26] of previous experimental data.
The uncertainty in the normalization is estimated to be
#5%, which is dominated by the dispersion between the
three parametrizations [26]. The tensor polarizations for
the 2004 and 2005 data sets were Pzz $ 0:683# 0:015#
0:013# 0:034 and 0:563# 0:013# 0:023# 0:028, re-
spectively, where the three uncertainties are statistical,
systematic, and due to the parametrization, in that order.
The small T22 component in AT

d was subtracted using the
above parametrization, and T20 and T21 were extracted by
solving the two-by-two linear equations relating the ex-
perimental asymmetries for electrons in the left and right
sector of the detector and the two analyzing powers. For
comparison to existing data, T20 and T21 have been ad-
justed to the conventionally accepted angle !e $ 70".
Table I and Fig. 1 show the results for T20 and T21 with
statistical and total systematic uncertainties. The largest
systematic uncertainty is due to the parametrization of
world data in the calibration of Pzz. Other sources of
systematic errors include the Q2 determination, the spin
orientation, and the statistical uncertainty in Pzz. In order
to highlight the low-Q region, the values for T20 were

converted to ~T20R using parametrization III [26] for ";
the results are depicted in Fig. 2.
The values for T20 measured in this work are in agree-

ment with previous data; yet, they are much more precise.
Our data cover a wide kinematic range, providing a strong
constraint on theQ2 evolution of T20 in an important region
which contains the minimum of T20 and the first node of
GC. The T21 results are consistently larger in magnitude
than all the models and previous measurements at high Q,
albeit still consistent within the systematic errors.
The nonrelativistic model with meson exchange and

relativistic corrections by Arenhövel et al. [13] agrees

TABLE I. T20 and T21 measured in this experiment andGC and
GQ separated with present data and the structure function A. The
upper errors for T20 and T21 are statistical, and the lower ones are
systematic. Q is in fm!1.

Q T20 T21 GC GQ

2.228 !0:780#0:021
#0:053 !0:149#0:016

#0:023 0.1223(14) 3.87(26)

2.404 !0:877#0:026
#0:061 !0:148#0:023

#0:030 0.0953(14) 2.99(20)

2.603 !1:016#0:031
#0:076 !0:224#0:031

#0:049 0.0701(17) 2.36(18)

2.827 !1:172#0:044
#0:083 !0:312#0:050

#0:064 0.0479(21) 1.84(15)

3.063 !1:244#0:051
#0:086 !0:433#0:072

#0:084 0.0314(33) 1.37(12)

3.319 !1:251#0:074
#0:085 !0:64#0:12

#0:10 0.0139(33) 1.091(55)

3.560 !1:15#0:10
#0:08 !0:57#0:17

#0:09 0.0087(26) 0.763(31)

3.823 !1:13#0:13
#0:06 !0:65#0:21

#0:08 0.0065(15) 0.522(24)

4.140 !0:70#0:17
#0:05 !0:74#0:23

#0:05 0.0003(17) 0.3637(48)
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FIG. 1 (color online). Results for T20 and T21 [grey (red on-
line) dots] compared to previous data [4] (open dots), [5,6] (open
upright triangles), [7] (solid upright triangles), [8] (solid dots),
[9] (open squares), [10] (solid squares), [11] (open stars), [12]
(solid down triangles), and various theoretical predictions. The
theoretical curves are nonrelativistic models with relativistic
corrections [13] (long dashed line), [14] (dashed line), relativis-
tic models [15] (dash-dotted line), [16] (dotted line), and effec-
tive field theory [17,18] (grey error band). Parametrization III
[26], used for normalization, is shown (solid line) for reference.
The shaded area represents the systematic uncertainties. The first
two points at low Q [shown as grey (red online) stars] were used
to calibrate polarization and spin angle, while the remaining
nine points [shown as grey (red online) dots] represent new
measurements.

PRL 107, 252501 (2011) P HY S I CA L R EV I EW LE T T E R S
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FIG. 3. Data and theoretical predictions for T20 and T22, as
a function of momentum transfer. Open circles are from
Ref. [11], diamonds from Ref. [7], squares from Ref. [10],
triangles from Ref. [8], crosses from Ref. [13], stars from
Ref. [9], and the solid circles from the present experiment. The
curves represent various theoretical models: short-dashed for
the NRIA including MEC from Ref. [19] by using the Argonne
V14 potential; solid from Ref. [20] for the RIA including rpg
and vsg contributions; dotted for the RIA from Ref. [21]
by using the Bonn Q potential; dot-dashed for the coupled-
channels calculation of Ref. [22] for IA 1 MEC and model
D0; long-dashed for the PQCD prediction of Ref. [23]. The
inset shows the results in the q (T20) range from 1.05 fm21

(20.55) to 1.90 fm21 (20.10). The heavy curve in the bottom
figure represents T22 calculated from a fit to the world data
for BsQ2d.

measurements up to q ≠ 4 fm21 can distinguish between
the various models shown. The experimental techniques
established here are sufficient to obtain such data, with
small statistical and systematic uncertainties, within a
reasonable time frame.
In summary, we have performed a measurement of the

spin observables in elastic electron-deuteron scattering.
We have obtained essentially background-free data to
measure the asymmetry for target polarization both parallel
and perpendicular to the momentum transfer, and derived
the tensor analyzing powers T20 and T22 from these data.
The techniques developed in this experiment have broad
applicability to future measurements of spin-dependent
electron scattering.
This work was supported in part by the Stichting

voor Fundamenteel Onderzoek der Materie (FOM), which

is financially supported by the Nederlandse Organisatie
voor Wetenschappelijk Onderzoek (NWO), the Swiss
National Foundation, the National Science Foundation
under Grants No. PHY-9316221 (Wisconsin), No. PHY-
9200435 (Arizona State), and No. HRD-9154080 (Hamp-
ton), Nato Grant No. CRG920219, NWO Grant No.
713-119, and HCM Grants No. ERBCHBICT-930606 and
No. ERB4001GT931472.
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TABLE I. Result on AT
d , T20s70±d, and GC with statistical and systematic uncertainties,

extracted from our T20 measurements and the world data on A and B.

Q ffm21g AT
d T20s70±d (stat.) (syst.) GC (stat.) (syst.)

2.03 20.683 20.713s0.082d (0.036) 0.163(0.003) (0.014)
2.35 20.891 20.897s0.081d (0.045) 0.100(0.003) (0.009)
2.79 21.383 21.334s0.223d (0.066) 0.035(0.015) (0.005)

A and B (see [7] for an overview). To investigate the
sensitivity of the extraction procedure to the uncertainty
in the input parameters (i.e., Q, ue, d2i , AT

d , A, and B),
these were varied independently within their error and the
extraction repeated. The total error was taken to be the
quadratic sum of the separate errors. Note that the main
contribution to the systematic error in AT

d comes from the
systematic uncertainty in the polarization.
The observables A, B, and T20 provide three different

combinations of the form factors GC , GQ , and GM , from
which these can be extracted. The result for T20 was
recalculated at ue ≠ 70±, to allow a direct comparison
with the results of other experiments. The extracted
values for T20 and GC are shown in Table I and in Fig. 2.
The new data on T20 are each at least one s below the
predictions of nonrelativistic [1,2] and relativistic models
[3,4]. This confirms the findings of the previous NIKHEF
experiment [16].
To evaluate the model sensitivity of the T20 and t20

data sets a x2 analysis was performed, for which the data
measured most recently at Bates [7], using a calibrated
recoil parameter, and those from the NIKHEF experiments
were selected. The data from BINP have poor accuracy at
low Q [17] and poor discriminating power in the Q range
from 1 to 3 fm21 [18], since the T20 values were extracted
by normalizing one datum to a selected model prediction.
The selected data sets are compared to the calculations
of Wiringa [1], Mosconi [2], Hummel [3], Van Orden
[4], and Buchmann [20]. The first two calculations, both
using the nonrelativistic impulse approximation, differ in
the NN potential used (Argonne-y18 for Wiringa and
Paris for Mosconi) and in the implementation of meson-
exchange contributions. The Buchmann calculation used
a nonrelativistic cluster model of constituent quarks and
mesons in a limited parameter space, but fails to reproduce
the data on A and B with great accuracy. The first two
columns of Table II give the x2 values when only the T20
data of either experiment are considered. In addition, both
these experiments yielded data on other tensor analyzing
powers: in the 95 data run of NIKHEF [16] T22 was also
determined, and the Bates experiment determined all tensor
moments simultaneously. The last two columns of the
table give the results when all data are taken into account.
The two data sets lead to different conclusions about

the quality of the models. The NIKHEF set shows a
preference for nonrelativistic calculations with realistic
NN potentials, when only the T20 data are considered, and
this conclusion remains unaltered when the datum on T22
is included in the fit. The Bates data set, on the other

hand, shows a preference for the relativistic calculations,
but loses most of its discriminating power when all data on
t2i are taken into account, mainly due to an inconsistency
in one value of t22. The then available data on T20 and t20
led Henning et al. [21] to point out an inconsistency in the
location of the minimum of the charge form factor of two-
and three-nucleon systems.
Stringent constraints are imposed on models by the

extensive data for the unpolarized structure functions A
and B, in addition to the polarized data. In Table III
the result of a x2-analysis is given for A and for B,

FIG. 2. Extracted values (solid triangles) of T20s70±d (top)
and GC (bottom) as a function of Q compared to the world
data and selected calculations. Data: solid triangles (present
experiment), open squares [7], solid square [16], open diamond
[17], open triangles [18], open circles [19], and open cross [6].
Curves: short-dashed [1], dash-dotted [2], full [3], long-dashed
[4], dotted [20]. The shaded area indicates the size of the
systematic errors from the present experiment.
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FIG. 3. Data and theoretical predictions for T20 and T22, as
a function of momentum transfer. Open circles are from
Ref. [11], diamonds from Ref. [7], squares from Ref. [10],
triangles from Ref. [8], crosses from Ref. [13], stars from
Ref. [9], and the solid circles from the present experiment. The
curves represent various theoretical models: short-dashed for
the NRIA including MEC from Ref. [19] by using the Argonne
V14 potential; solid from Ref. [20] for the RIA including rpg
and vsg contributions; dotted for the RIA from Ref. [21]
by using the Bonn Q potential; dot-dashed for the coupled-
channels calculation of Ref. [22] for IA 1 MEC and model
D0; long-dashed for the PQCD prediction of Ref. [23]. The
inset shows the results in the q (T20) range from 1.05 fm21

(20.55) to 1.90 fm21 (20.10). The heavy curve in the bottom
figure represents T22 calculated from a fit to the world data
for BsQ2d.

measurements up to q ≠ 4 fm21 can distinguish between
the various models shown. The experimental techniques
established here are sufficient to obtain such data, with
small statistical and systematic uncertainties, within a
reasonable time frame.
In summary, we have performed a measurement of the

spin observables in elastic electron-deuteron scattering.
We have obtained essentially background-free data to
measure the asymmetry for target polarization both parallel
and perpendicular to the momentum transfer, and derived
the tensor analyzing powers T20 and T22 from these data.
The techniques developed in this experiment have broad
applicability to future measurements of spin-dependent
electron scattering.
This work was supported in part by the Stichting

voor Fundamenteel Onderzoek der Materie (FOM), which

is financially supported by the Nederlandse Organisatie
voor Wetenschappelijk Onderzoek (NWO), the Swiss
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TABLE I. Result on AT
d , T20s70±d, and GC with statistical and systematic uncertainties,

extracted from our T20 measurements and the world data on A and B.

Q ffm21g AT
d T20s70±d (stat.) (syst.) GC (stat.) (syst.)
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A and B (see [7] for an overview). To investigate the
sensitivity of the extraction procedure to the uncertainty
in the input parameters (i.e., Q, ue, d2i , AT

d , A, and B),
these were varied independently within their error and the
extraction repeated. The total error was taken to be the
quadratic sum of the separate errors. Note that the main
contribution to the systematic error in AT

d comes from the
systematic uncertainty in the polarization.
The observables A, B, and T20 provide three different

combinations of the form factors GC , GQ , and GM , from
which these can be extracted. The result for T20 was
recalculated at ue ≠ 70±, to allow a direct comparison
with the results of other experiments. The extracted
values for T20 and GC are shown in Table I and in Fig. 2.
The new data on T20 are each at least one s below the
predictions of nonrelativistic [1,2] and relativistic models
[3,4]. This confirms the findings of the previous NIKHEF
experiment [16].
To evaluate the model sensitivity of the T20 and t20

data sets a x2 analysis was performed, for which the data
measured most recently at Bates [7], using a calibrated
recoil parameter, and those from the NIKHEF experiments
were selected. The data from BINP have poor accuracy at
low Q [17] and poor discriminating power in the Q range
from 1 to 3 fm21 [18], since the T20 values were extracted
by normalizing one datum to a selected model prediction.
The selected data sets are compared to the calculations
of Wiringa [1], Mosconi [2], Hummel [3], Van Orden
[4], and Buchmann [20]. The first two calculations, both
using the nonrelativistic impulse approximation, differ in
the NN potential used (Argonne-y18 for Wiringa and
Paris for Mosconi) and in the implementation of meson-
exchange contributions. The Buchmann calculation used
a nonrelativistic cluster model of constituent quarks and
mesons in a limited parameter space, but fails to reproduce
the data on A and B with great accuracy. The first two
columns of Table II give the x2 values when only the T20
data of either experiment are considered. In addition, both
these experiments yielded data on other tensor analyzing
powers: in the 95 data run of NIKHEF [16] T22 was also
determined, and the Bates experiment determined all tensor
moments simultaneously. The last two columns of the
table give the results when all data are taken into account.
The two data sets lead to different conclusions about

the quality of the models. The NIKHEF set shows a
preference for nonrelativistic calculations with realistic
NN potentials, when only the T20 data are considered, and
this conclusion remains unaltered when the datum on T22
is included in the fit. The Bates data set, on the other

hand, shows a preference for the relativistic calculations,
but loses most of its discriminating power when all data on
t2i are taken into account, mainly due to an inconsistency
in one value of t22. The then available data on T20 and t20
led Henning et al. [21] to point out an inconsistency in the
location of the minimum of the charge form factor of two-
and three-nucleon systems.
Stringent constraints are imposed on models by the

extensive data for the unpolarized structure functions A
and B, in addition to the polarized data. In Table III
the result of a x2-analysis is given for A and for B,

FIG. 2. Extracted values (solid triangles) of T20s70±d (top)
and GC (bottom) as a function of Q compared to the world
data and selected calculations. Data: solid triangles (present
experiment), open squares [7], solid square [16], open diamond
[17], open triangles [18], open circles [19], and open cross [6].
Curves: short-dashed [1], dash-dotted [2], full [3], long-dashed
[4], dotted [20]. The shaded area indicates the size of the
systematic errors from the present experiment.
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The T20(70
→) results from MIT-Bates

• The 1984 and 1991/1994 MIT-Bates experiments yielded deuteron tensor
polarizations t20 via d(e, e→↑↓d ) by using recoil polarimetry
Schulze++, PRL 52, 597 (1984)
The++, PRL 67, 173 (1991)
Garçon++, PRC 49, 2516 (1994)

• The 2004/2005 experiments at BLAST
(using ABS) extracted T20 and T21 like
at NIKHEF
ω Small T22 contribution subtracted

by using a parameterization of
previous low-Q data

ω In absence of absolute polarimetry,
polarization and spin angle calibrated
by the two lowest-Q points

Zhang++, PRL 107, 252501 (2011)

respectively. Two asymmetries were measured simulta-
neously corresponding to electrons scattered into the left
and right sector.

Two sets of data were taken during late 2004 and early
2005. The integrated luminosities were 140 pb!1 and
340 pb!1, corresponding to 370 kC and 560 kC integrated
charge, respectively. The target spin was directed in the
horizontal plane on average to 31:7" and 47:7" to the left
side of the beam for the 2004 and 2005 data sets, respec-
tively, each with about #0:5" uncertainty. The spin angle
in each case varied by a few degrees along the cell and was
corrected using a carefully measured field map. The aver-
age spin angle was calibrated simultaneously with the
target tensor polarization by comparing the elastic tensor
asymmetries at low momentum transfer 1:75<Q<
2:15 fm!1 to Monte Carlo simulations based on
parametrization III [26] of previous experimental data.
The uncertainty in the normalization is estimated to be
#5%, which is dominated by the dispersion between the
three parametrizations [26]. The tensor polarizations for
the 2004 and 2005 data sets were Pzz $ 0:683# 0:015#
0:013# 0:034 and 0:563# 0:013# 0:023# 0:028, re-
spectively, where the three uncertainties are statistical,
systematic, and due to the parametrization, in that order.
The small T22 component in AT

d was subtracted using the
above parametrization, and T20 and T21 were extracted by
solving the two-by-two linear equations relating the ex-
perimental asymmetries for electrons in the left and right
sector of the detector and the two analyzing powers. For
comparison to existing data, T20 and T21 have been ad-
justed to the conventionally accepted angle !e $ 70".
Table I and Fig. 1 show the results for T20 and T21 with
statistical and total systematic uncertainties. The largest
systematic uncertainty is due to the parametrization of
world data in the calibration of Pzz. Other sources of
systematic errors include the Q2 determination, the spin
orientation, and the statistical uncertainty in Pzz. In order
to highlight the low-Q region, the values for T20 were

converted to ~T20R using parametrization III [26] for ";
the results are depicted in Fig. 2.
The values for T20 measured in this work are in agree-

ment with previous data; yet, they are much more precise.
Our data cover a wide kinematic range, providing a strong
constraint on theQ2 evolution of T20 in an important region
which contains the minimum of T20 and the first node of
GC. The T21 results are consistently larger in magnitude
than all the models and previous measurements at high Q,
albeit still consistent within the systematic errors.
The nonrelativistic model with meson exchange and

relativistic corrections by Arenhövel et al. [13] agrees

TABLE I. T20 and T21 measured in this experiment andGC and
GQ separated with present data and the structure function A. The
upper errors for T20 and T21 are statistical, and the lower ones are
systematic. Q is in fm!1.

Q T20 T21 GC GQ

2.228 !0:780#0:021
#0:053 !0:149#0:016

#0:023 0.1223(14) 3.87(26)

2.404 !0:877#0:026
#0:061 !0:148#0:023

#0:030 0.0953(14) 2.99(20)

2.603 !1:016#0:031
#0:076 !0:224#0:031

#0:049 0.0701(17) 2.36(18)

2.827 !1:172#0:044
#0:083 !0:312#0:050

#0:064 0.0479(21) 1.84(15)

3.063 !1:244#0:051
#0:086 !0:433#0:072

#0:084 0.0314(33) 1.37(12)

3.319 !1:251#0:074
#0:085 !0:64#0:12

#0:10 0.0139(33) 1.091(55)

3.560 !1:15#0:10
#0:08 !0:57#0:17

#0:09 0.0087(26) 0.763(31)

3.823 !1:13#0:13
#0:06 !0:65#0:21

#0:08 0.0065(15) 0.522(24)

4.140 !0:70#0:17
#0:05 !0:74#0:23

#0:05 0.0003(17) 0.3637(48)
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FIG. 1 (color online). Results for T20 and T21 [grey (red on-
line) dots] compared to previous data [4] (open dots), [5,6] (open
upright triangles), [7] (solid upright triangles), [8] (solid dots),
[9] (open squares), [10] (solid squares), [11] (open stars), [12]
(solid down triangles), and various theoretical predictions. The
theoretical curves are nonrelativistic models with relativistic
corrections [13] (long dashed line), [14] (dashed line), relativis-
tic models [15] (dash-dotted line), [16] (dotted line), and effec-
tive field theory [17,18] (grey error band). Parametrization III
[26], used for normalization, is shown (solid line) for reference.
The shaded area represents the systematic uncertainties. The first
two points at low Q [shown as grey (red online) stars] were used
to calibrate polarization and spin angle, while the remaining
nine points [shown as grey (red online) dots] represent new
measurements.
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