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Unpolarized electron scattering

Q2 � ~q2 �!2

~px

~pm � ~q � ~px

! � ~Ee � ~E0e
~q � ~pe � ~p0e

d�
dEe0d
e0dExd
x

� �0 �vLRL � vTRT � vLTRLT � vTTRTT�
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Electron scattering with beam and target polarization

A � ��h�;
~S�� ��h�; ~S�

��h�; ~S�� ��h�; ~S�
/ vT 0RT 0 � vLT 0RLT 0
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Electron scattering with beam and recoil polarization

P 0z � P 0‘ / vLT 0R‘LT 0 � vTT 0R‘TT 0
Pn / vLRnL � vTRnT � vLTRnLT � vTTRnTT

P 0x � P 0t / vLT 0RtLT 0 � vTT 0RtTT 0
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Experiments covered in this talk

3He
� JLab E05–102

Double-spin asymmetries in quasi-elastic 3 ~He�~e; e0d�p
3 ~He�~e; e0p�d
3 ~He�~e; e0p�pn

� JLab E05–015
Target single-spin asymmetry in quasi-elastic 3He"�e; e0�
� JLab E08–005

Target single-spin asymmetry in quasi-elastic 3He�~e; e0n�
Double-spin asymmetries in quasi-elastic 3 ~He�~e; e0n�
� MAMI (Mainz) Project ‘N’

Triple-polarized 3 ~He�~e; e0~p�
2H and 12C
� MAMI (Mainz)

Single-spin asymmetries in 12C�e"; e0�
� MAMI (Mainz + TAU) joint recoil-polarimetry effort

Double-spin asymmetries in 2~H�~e; e0~p� and 12~C�~e; e0~p�
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Physics motivation for studying processes on 3He

� Knowledge of ground-state structure of 3He
needed to extract information on the neutron
from 3 ~He�~e; e0X� or 3 ~He�~e; e0�.
Examples: Gn

E , Gn
M, An

1, gn
1 , gn

2 , GDH.

� Complications: protons in 3He partly polarized
due to presence of S0- and D-state components.

� Addressing differences in
p
hr 2i (3H, 3He).

� Understanding (iso)spin dependence
of reaction mechanisms (MEC, IC).

� Understanding role of D and S0 states
is one of key issues in “Standard Model” of few-body theory.

� Persistent discrepancies among theories regarding double-polarization
observables most sensitive to 3He ground-state structure.
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Polarized 3He: it is easy to draw the cartoon ...

S’S D

n

p
p

n

p

n
p

p p

Hamiltonian S S0 P D

AV18 90.10 1.33 0.066 8.51
AV18/TM 89.96 1.09 0.155 8.80
AV18/UIX 89.51 1.05 0.130 9.31

CD-Bonn 91.62 1.34 0.046 6.99
CD-Bonn/TM 91.74 1.21 0.102 6.95

Nijm I 90.29 1.27 0.066 8.37
Nijm I/TM 90.25 1.08 0.148 8.53

Nijm II 90.31 1.27 0.065 8.35
Nijm II/TM 90.22 1.07 0.161 8.54

Reid93 90.21 1.28 0.067 8.44
Reid93/TM 90.09 1.07 0.162 8.68

� S: spatially symmetric
� 90 % of spin-averaged WF;
“polarized neutron”

� D: generated by tensor part
of NN force, � 8:5 % .

� S0: mixed symmetry component;
(spin-isospin)-space correlations,
� 1:5 % . P 0S � E�2:1

b .

� P eff
n � �0:86, P eff

p � �0:03 Schiavilla++ PRC 58 (1998) 1263
TM = Tucson-Melbourne � -� exchange 3NF

UIX = Urbana 3NF
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... supported e. g. by data on 3 ~He�~e;e0p�d=pn ...

� quasi-elastic (Q2 � 0:31, ! � 135, q � 570)

� 3NF, MEC negligible, FSI small in 2bbu, large in 3bbu
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3PHe
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APWIA�FSI large & negative
not a polarized p target

PRC 72 (2005) 054005, EPJA 25 (2005) 177
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... and which has a nice analogue in the deuteron ...

~d�~e; e0p�
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... but the true ground state of 3He is like lace

Blankleider, Woloshyn PRC 29 (1984) 538
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The E05–102 and E08–005 experiments at JLab

� Benchmark measurement of A0x and A0z asymmetries
in 3 ~He�~e; e0d�, 3 ~He�~e; e0p�, and 3 ~He�~e; e0n�.

� Better understanding of ground-state
spin structure of polarized 3He —
— S, S0, D wave-function components.
Improve knowledge of 3He rather than
using it as an effective neutron target.
Direct consequences for all
polarized 3He experiments.

� Distinct manifestations of S, D, S0

with changing pmiss in �e; e0fp=d=ng�.
� Data at (almost) identical Q2 for
�~e; e0d�, �~e; e0p�, and �~e; e0n�
simultaneously over a broad range
of pmiss poses strong constraints on
state-of-the-art calculations.

Statistical
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What is so special about 3He�e;e0d� and 3 ~He�~e;e0d�?

unique isoscalar-isovector
interference in �e;e0d�
Tripp++ PRL 76 (1996) 885

in �e;e0p� the D/S0 effects
seen only at high pmiss

Laget PLB 276 (1992) 398
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Exploiting state-of-the-art calculations

Bochum/Krakow (full Faddeev)

� AV18 NN-potential (+ Urbana IX 3NF, work in progress)

� Complete treatment of FSI, MEC

Hannover/Lisbon (full Faddeev)

� CC extension and refit of CD-Bonn NN-potential

� Includes FSI, MEC

� � as active degree-of-freedom providing effective 3NF and 2-body currents

� Coulomb interaction for outgoing charged baryons

Pisa PRC 72 (2005) 014001

� AV18 + Urbana IX (or IL7)

� Inclusion of FSI by means of the variational PHH expansion and MEC

� Not Faddeev, but accuracy completely equivalent to it

Trento

� Coming up
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Basic machinery: Faddeev calculations

Nuclear transition current for breakup of 3He: J� �
D

	f j bO� j	3He���;���
E

Photon absorption operator: bO� �P3
i�1

h bJSN�i�� bJMEC�i�
i

Final-state interactions (auxiliary states):
D

	f j bO� j	3He���;���
E

-!
D

	f jU�f
E

++ +

+ ...

 =

++ +

++ +

U0
ppn

+ 6 more terms

+ 24 more terms

PWIA + MEC

G0

+ +

+ ...

 =

+
+

++

U0
pd

PWIA + MEC

+ 16 more terms

+ 4 more terms

Golak++ Phys Rep 415 (2005) 89
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Indication of D and S0 components in 3 ~He�~e;e0�

Inclusive A0T (� Az) and A0LT (� Ax)
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� Gao PRC 50 (1994) R546
9 Xu PRL 85 (2000) 2900

PWIA
PWIA(PS)

� Jones PRC 52 (1995) 1520
� Hansen PRL 74 (1995) 654

(e,e’d)

(e,e’p)

� A0LT receives contributions from ingredients
which go beyond most simplistic picture [ F �n�1 � 0 ]

� sensitive to replacement PWIA(PS) -! PWIA.

� S0- and D-state pieces contribute very strongly to A0LT

Ishikawa++ PRC 57 (1998) 39
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3 ~He�~e;e0d� vs. 3 ~He�~e;e0p� Krakow/Bochum calc. State-of-the-art Faddeev calculations from Krakow/Bochum (B-H), Pisa, 

Hannover/Lisboa (H-L) groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 The role of S’ is most evident in region of small recoil momenta. 

 

 D-state governs variation of Az at high pr. 

D 

D 
S’ 

S’ 

What are the theoretical expectations? 

� S0 state relevant at small pr (� pmiss)

� D state governs variation of Az at large pr
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Beam-target asymmetry in QE p/d knockout from 3 ~He

� Cannot disentangle effects of WF components (S, D, S0) by measurement
of cross-sections alone: need polarization observables

d��h; ~S�
d
e dEe d
d dpd

� d�0

� � �
h

1� ~S � ~A0 � h�Ae � ~S � ~A�
i

A���;��� � ~S���;��� � ~A � �d��� � d��� �� �d��� � d��� �
�d��� � d��� �� �d��� � d��� �

� Access to [effects of] small WF components (D, S0)
� E05–102: simultaneous measurement of all break-up channels:

3 ~He�~e; e0d�p, 3 ~He�~e; e0p�d, 3 ~He�~e; e0p�pn ... and also 3 ~He�~e; e0n�pp

Target polarization

Polarized beam

o

BigBite (75  )o

HRS (12.5  ) o

e’p

p

q

pe

d

o160

71
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Experimental Setup All Channels

Ee � 2:425 GeV
�e � 12:5�
�d;p � 75�

Q2 � 0:25 GeV2

:::
�e � 14:5�
�d;p � 82�

Q2 � 0:35 GeV2

:::
�e � 17�

�n � 62:5�
Q2 � 0:46 GeV2

Ee � 3:605 GeV
�e � 17�

�n � 54�

Q2 � 0:96 GeV2
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Results on 3 ~He�~e;e0d�p pm-dependence

� Asymmetries are small
(typically a few %), thus hard
to reproduce theoretically
(cancellations)

� Good agreement on the
transverse asymmetry (71�)

� Worse for the longitudinal
asymmetry (160�) ... but it
improves when !
is restricted to QE peak

� Discrepancy due to
— incomplete treatment

of FSI (?)
— unaccounted for 3NF (?)
— underestimated S0

component of g.s. WF (?)
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Results on 3 ~He�~e;e0d�p !-dependence
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Attempt to evaluate Pz and Pzz 3 ~He�~e;e0d�p

� Assume 3 ~He�~e; e0d�p at low pmiss is like elastic scattering off polarized d

� Use A�
3He�
x , A�

3He�
z as if they were A�ed�

x , A�ed�
z with appropriate deuteron FFs,

and extract Pz and Pzz
� Toy model j3Hei � jdi � jpi
� Spin decomposition j3Hei �

���1
2;

1
2

E
�
q

2
3j1;1i

���1
2;�

1
2

E
�
q

1
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E
gives Pz � hIzi3He � 2

3, Pzz � h3I2z � 2i3He � 0
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Results on 3 ~He�~e;e0p� pm-dependence
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Mihovilovǐc++ PLB 788 (2019) 117

� No 2bbu/3bbu separation possible; rely on MC to disentangle A2bbu/A3bbu

. Unpolarized 2bbu and 3bbu XS as well as A2bbu well established

� Only qualitative agreement of data with theory. Issues:
. Cancellation of 2bbu and 3bbu contributions
. 3bbu asymmetry dominant — possibly too much so
. Pertinent ingredients: Coulomb, RC, FSI, 3NF (?)
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Simple interpretation of 3 ~He�~e;e0p�

� Valid for pm � 0

� Assume PWIA

� S-state dominates

� Missing energy:
Em �!� Tp � Td

� Low-Em region dominated
by 2bbu: A � A�~e� ~p elastic�
� High-Em region dominated

by 3bbu: A � 0

� Non-zero asymmetry in 3bbu
probably caused by FSI
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Extraction of 2bbu and 3bbu asymmetries in 3 ~He�~e;e0p�
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Mihovilovǐc++ PLB 788 (2019) 117
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Message on 2bbu and 3bbu asymmetries in 3 ~He�~e;e0p�
2BBU vs. 3BBU in PWIA

n
pp

n
pp

 A3BBU consequence of the the FSI (established with Mainz experiment);    

 Effect of the FSI overestimated !?

A3He
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Mihovilovǐc++ PLB 788 (2019) 117
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More 3 ~He�~e;e0d� and 3 ~He�~e;e0p� ...

� High-statistics data also available at Q2 � 0:35 GeV2 in all channels High statistics data available also at 0.35 GeV2/c2 for both reaction channels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Q2 dependence analysis possible.  

 

 Eagerly waiting for the corresponding theoretical calculations!!! 

… and outlook 

� Opportunity to study Q2-dependence of asymmetries

� Theoretical calculations pending
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Single-spin asymmetry in QE 3He"�e;e0� Motivation

Ay �
� " � � #
� " � � #

/ ~s � �~k� ~k0�

� Ay � 0 in Born approximation (T -invariance)

� Ay 6� 0 indicative of 2
 effects, / ImfT1
T�2
 g interference;
relevant for Gp

E=G
p
M, GPDs

� no measurement of comparable precision on neutron
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Single-spin asymmetry in QE 3He"�e;e0� E05–015

Figure & table courtesy of Yawei Zhang, Rutgers

Ay���� � �Ay���
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Single-spin asymmetry in QE 3He"�e;e0� E05–015

3He neutron

The raw experimental asymmetries were calculated as

Araw ¼ Y↑ − Y↓

Y↑ þ Y↓ ð5Þ

and were corrected for nitrogen dilution and target polari-
zation. The nitrogen dilution factor is defined as

fN2
≡ ρN2

σN2

ρ3Heσ3He þ ρN2
σN2

; ð6Þ

where ρi and σi are the number densities and the unpo-
larized cross sections, respectively. The nitrogen density
was measured when filling the target cell and the cross
section was determined experimentally by electron scatter-
ing from a reference cell filled with a known quantity of N2.
The denominator was obtained from the polarized target
cell yields.
The final asymmetries were obtained after subtraction of

the elastic radiative tail contribution, radiative corrections
of the quasielastic asymmetries, and corrections for bin-
averaging effects. The contribution of the elastic radiative
tail to the lowestQ2 point was 3%, and it was negligible for
the two larger Q2 points. At the lower two values of Q2,
contamination from the tail of the Δ resonance is negli-
gible. At Q2 ¼ 0.97 GeV2, the contamination from the Δ
tail can become large depending on the choice of cut in

ν ¼ E − E0. However, our measured A
3He
y showed no

dependence on ν within our statistical precision.
Results for A

3He
y are shown in Fig. 3 and listed in Table I.

The uncertainties on the data points are statistical, with the
total experimental systematic uncertainty indicated as an
error band below the data points. The systematic uncer-

tainty in A
3He
y includes contributions from the live-time

asymmetry, target polarization, target misalignment, nitro-
gen dilution, and radiative corrections. The dominant
contribution to the systematic uncertainty at the two largest
Q2 points is the uncertainty in the target polarization,
�5.6% (rel). At the two largest Q2 points, the results from
the left and right HRS agree to< 1σ (stat). At the lowestQ2

point, we assign a systematic uncertainty of �2.4 × 10−4

because the data from the two spectrometers differ by
∼2σ (stat).
Polarized 3He targets have been used in many experi-

ments as an effective polarized neutron target [17,18]. The
ground state of the 3He nucleus is dominated by the S state
in which the two proton spins are antiparallel, and the
nuclear spin is carried by the neutron [19]. From the
polarized 3He asymmetries, the neutron asymmetries, An

y ,
were extracted using the effective neutron polarization
approximation [20],

An
y ¼

1

fnPn
½A3He

y − ð1 − fnÞPpA
p
y �: ð7Þ

The neutron dilution factor is the ratio of the neutron to 3He
unpolarized elastic cross sections, fn ¼ σn=σ3He. At the
lowest value of Q2, where nuclear effects may be impor-
tant, fn was calculated using a nonrelativistic model of the
3He nucleus from Deltuva [21–24] based on the
CD-Bonnþ Δ potential. The model uncertainty is 3.8%
(rel) based on a study of the model dependence of fn at
Q2 ≈ 1 GeV2 in a previous 3Heðe; e0Þ measurement by this
collaboration [25].
For neutron asymmetries at Q2 ¼ 0.46 and 0.97 GeV2,

the fn were obtained using the assumption fn ¼
σn=ð2σp þ σnÞ, where σp is the unpolarized proton elastic
cross section. Reduced cross sections were calculated
using

σRðQ2Þ ¼ τG2
MðQ2Þ þ εG2

EðQ2Þ: ð8Þ

)2(GeV2Q
0 0.5 1
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1

FIG. 3 (color online). Measured 3He asymmetries, A
3He
y , as a

function of Q2. Uncertainties shown for the data points are
statistical. Systematic uncertainties are shown by the band at the
bottom.

TABLE I. Asymmetries, Ay, for 3He and neutrons. Uncertainties are statistical and systematic, respectively. The systematic
uncertainty in the neutron asymmetry includes the model uncertainty in the neutron dilution factor, fn, also listed here.

E (GeV) hE0i (GeV) hθi (deg) hQ2i (GeV2) A
3He
y ð×10−3Þ An

yð×10−2Þ fn

1.245 1.167 17 0.127 −1.26� 0.15� 0.26 −3.32� 0.40� 0.72 0.044� 0.002
2.425 2.170 17 0.460 −1.85� 0.20� 0.14 −1.78� 0.20� 0.66 0.117� 0.003
3.605 3.070 17 0.967 −1.99� 0.19� 0.14 −1.38� 0.14� 0.24 0.155� 0.007

PRL 115, 172502 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

23 OCTOBER 2015

172502-4

The form factors Gp
E, G

p
M, G

n
E and their uncertainties were

obtained from parametrizations by Kelly [26]. A para-
metrization by Qattan and Arrington [27] was used to
obtain Gn

M and its uncertainty.
The effective neutron and proton polarizations in 3He are

Pn ¼ 0.86� 0.036 and Pp ¼ −0.028� 0.009, respec-
tively [28]. In lieu of precision data, the proton asymme-
tries, Ap

y , were estimated using the elastic intermediate state
contributions to be ð0.01� 0.22Þ%, ð0.24� 2.96Þ%, and
(0.62� 1.09Þ% for the data at Q2 ¼ 0.13, 0.46, and
0.97 GeV2, respectively [29]. The uncertainties in these
values were calculated assuming the same relative
differences as those seen between our measured neutron
asymmetries and the neutron elastic contribution. The
contributions to Eq. (7) from Ap

y are suppressed by the
small effective proton polarization, Pp, in polarized 3He.
The neutron single-spin asymmetries are shown in Fig. 4
and are listed in Table I along with values for fn.
In summary, we have reported the first measurement of

the target single-spin asymmetries, Ay, from quasielastic
ðe; e0Þ scattering from a 3He target polarized normal to the
electron scattering plane. This measurement demonstrates,
for the first time, that the 3He asymmetries are clearly
nonzero and negative at the 4σ–9σ level. Neutron asym-
metries were extracted using the effective neutron polari-
zation approximation and are also clearly nonzero and
negative. The results are inconsistent with an estimate
where only the elastic intermediate state is included [29],
but they are consistent with a model using GPD input for
the inelastic intermediate state contribution at Q2 ¼
0.97 GeV2 [1].
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y (extracted from transversely polarized A3He
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� Uncertainty several times better than previous proton data

� Asymmetry clearly non-zero and negative
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The curve represents the leadingQ2 behavior, as calculated
in the model of Ref. [24] upon neglecting corrections
∼Q2=E2. The given uncertainty of the theoretical predic-
tion is obtained from two sources: the Compton slope
parameter for the 12C target and terms not enhanced by the
large logarithm (see Ref. [24] for details). The two are
expected to be independent and are added in quadrature.
The Compton slope parameter introduced in Eq. (4) was
allowed to vary within 10% and 20% of the central value,
corresponding to the inner and outer bands shown in Fig. 4.
The comparison of the data with the model indicates that
the assumption of the dominance of the logðQ2=m2

ec2Þ term
and the independence of FComptonðQ2Þ=FchðQ2Þ of the
target nucleus in Eq. (4), successfully describing 1H and
4He data, reproduces the 12C data only within a 20%
uncertainty. Even larger deviations could be expected for
heavier nuclei.
Future measurements at MAMI will investigate the

transverse asymmetry for heavier nuclei at the same Q2

values. This will serve, together with the current data set, as
an important input for future theoretical calculations to
achieve better control of the two-photon exchange mecha-
nism, and they might contribute to a deeper understanding
of the structure of nuclei.

We acknowledge the MAMI accelerator group and all
the workshop staff members for the outstanding support.
We thank Krishna Kumar for the many stimulating

discussions and valuable suggestions in the preparation
of the experiment. This work was supported by the
PRISMA (Precision Physics, Fundamental Interactions
and Structure of Matter) Cluster of Excellence, the
Deutsche Forschungsgemeinschaft through the
Collaborative Research Center 1044 and the Federal
State of Rhineland-Palatinate.

*thielm@uni-mainz.de
†Present address: MIT-LNS, Cambridge, MA 02139, USA.

[1] D. H. Beck and R. D. McKeown, Parity violating electron
scattering and nucleon structure, Annu. Rev. Nucl. Part. Sci.
51, 189 (2001).

[2] F. E. Maas et al. (A4 Collaboration), Measurement of
Strange-Quark Contributions to the Nucleon’s Form Factors
at Q2 ¼ 0.230ðGeV=cÞ2, Phys. Rev. Lett. 93, 022002
(2004).

[3] D. S. Armstrong et al. (G0 Collaboration), Strange-Quark
Contributions to Parity-Violating Asymmetries in the For-
ward G0 Electron-Proton Scattering Experiment, Phys. Rev.
Lett. 95, 092001 (2005).

[4] K. A. Aniol et al. (HAPPEX Collaboration), Constraints on
the nucleon strange form-factors at Q2 ∼ 0.1 GeV2, Phys.
Lett. B 635, 275 (2006).

[5] P. L. Anthony et al. (SLAC E158 Collaboration), Precision
Measurement of the Weak Mixing Angle in Møller Scatter-
ing, Phys. Rev. Lett. 95, 081601 (2005).

[6] D. Androic et al. (Qweak Collaboration), First Determi-
nation of the Weak Charge of the Proton, Phys. Rev. Lett.
111, 141803 (2013).

[7] D. Androic et al. (Qweak Collaboration), Precision meas-
urement of the weak charge of the proton, Nature (London)
557, 207 (2018).

[8] S. Abrahamyan et al., Measurement of the Neutron Radius
of 208Pb Through Parity-Violation in Electron Scattering,
Phys. Rev. Lett. 108, 112502 (2012).

[9] D. Becker et al., The P2 Experiment–A future high-
precision measurement of the electroweak mixing angle
at low momentum transfer, arXiv:1802.04759.

[10] M. Gorchtein, C. J. Horowitz, and M. J. Ramsey-Musolf,
Model-dependence of the γZ dispersion correction to the
parity-violating asymmetry in elastic ep scattering, Phys.
Rev. C 84, 015502 (2011).

[11] W. J. Marciano and A. Sirlin, Improved Calculation of
Electroweak Radiative Corrections and the Value of Vud,
Phys. Rev. Lett. 96, 032002 (2006).

[12] A. Afanasev, P. G. Blunden, D. Hasell, and B. A. Raue,
Two-photon exchange in elastic electron-proton scattering,
Prog. Part. Nucl. Phys. 95, 245 (2017).

[13] A. De Rujula, J. M. Kaplan, and E. De Rafael, Elastic
scattering of electrons from polarized protons and inelastic
electron scattering experiments, Nucl. Phys. B35, 365
(1971).

[14] A. V. Afanasev and N. P. Merenkov, Collinear photon
exchange in the beam normal polarization asymmetry of
elastic electron-proton scattering, Phys. Lett. B 599, 48
(2004).

FIG. 4. Extracted transverse asymmetries An for the detectors
placed in spectrometer A (filled red circles) and spectrometer B
(open blue circles) versus Q2. The width of the given boxes
indicates the full width at half maximum of the Q2 distribution,
which is determined by the intersection of the angular acceptance
of the spectrometers and the geometry of the detectors. The
statistical and systematic uncertainties are given by the error bars
and the height of the boxes, respectively. The theoretical
calculation for Eb ¼ 0.570 GeV of Ref. [24] (black line) is
shown for comparison. The given bands belong to the uncertainty
of the Compton slope parameter of 10% (light grey) and 20%
(dark grey). In addition, the result of the PREX Collaboration
(black diamond) at Eb ¼ 1.063 GeV [18] is shown.

PHYSICAL REVIEW LETTERS 121, 022503 (2018)

022503-5

Esser++ PRL 121 (2018) 022503

� Several calculations for Ay in p�e"; e�, very few on nuclei

� Generalization of forward inclusive model to nuclear targets:

Ay � C0 log

 
Q2

m2
ec2

!
FCompton�Q2�
Fcharge�Q2�

30



Single-spin asymmetries in QE 3He�~e;e0n� E08–005

as any deviation from zero indicates effects beyond plane wave impulse approximation. New measurements of the
target single spin asymmetry A0

y at Q2 of 0.46 and 0.96 (GeV/c)2 were made at Jefferson Lab using the quasi-elastic
3He↑(e, e′n) reaction. Our measured asymmetry decreases rapidly, from > 20% at Q2 = 0.46 (GeV/c)2 to nearly zero
at Q2 = 0.96 (GeV/c)2, demonstrating the fall-off of the reaction mechanism effects as Q2 increases. We also observed
a small ǫ-dependent increase in A0

y compared to previous measurements, particularly at moderate Q2. This indicates
that upcoming high Q2 measurements from the Jefferson Lab 12 GeV program can cleanly probe neutron structure from
polarized 3He using plane wave impulse approximation.

Keywords: neutron, quasi-elastic, polarized, 3He, electron scattering, single spin asymmetry
2010 MSC: 81V35, 81-05

One of the fundamental goals of nuclear physics is to
understand the structure and behavior of strongly inter-
acting matter in terms of its basic quark and gluon con-
stituents. Understanding the internal structure of nucleons
is an important step towards this goal. Scattering elec-
trons from light nuclei has been a proven method to probe
these interactions [1]. While the structure of the proton
is readily accessed by direct scattering of electrons on hy-
drogen targets, this technique cannot be used for neutrons
since free neutron targets do not exist. Instead, scattering
on particular nuclei is exploited, e.g. on 2H by virtue of its
weak proton-neutron binding or 3He due to its spin prop-
erties being largely governed by the neutron [2]. In order
to extract the properties of the neutron from such stud-
ies, nuclear effects must be accurately taken into account.
This drives the need to measure observables sensitive to
such effects.

Assumptions made in the nuclear models can have a
large effect on the extraction of the neutron form factors.
In the late 1990s, there was a discrepancy between extrac-
tions of the electric form factor of the neutron, Gn

E , using
the plane wave impulse approximation (PWIA) applied to
data by electron scattering from deuterium [3, 4] and 3He
[5, 6, 7]. This discrepancy was largely removed when full
Faddeev calculations were used to extract the form fac-
tor instead of PWIA [8]. These calculations accounted
for nuclear effects such as final state interactions (FSI)
and meson exchange currents (MEC), which are ignored
in PWIA.

The target single-spin asymmetry obtained by scatter-
ing electrons from a target polarized in two opposite direc-
tions transverse to the incoming electrons, A0

y, is sensitive
to these higher-order effects. This asymmetry is defined
as

A0
y =

1

Pt

N↑ −N↓

N↑ +N↓

, (1)

where Pt is the polarization of the target and N↑ (N↓)
is the number of normalized 3He↑(e, e′n) events when the
target is polarized parallel (anti-parallel) to the normal of
the incoming electron beam. In PWIA, this asymmetry
is exactly zero [9]. Early predictions expected contribu-
tions from FSI and MEC to be large at low negative four-
momentum transfer squared (Q2) until dropping off at Q2

of about 0.2 (GeV/c)2 [9]. The first experimental test of
A0

y done at NIKHEF showed this asymmetry to be 5.9σ

x

zy θn

θe'

180° 0°
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ˆ 

ˆ 

Figure 1: Hall A experimental set-up, where ŷ is pointed along the
vertical direction and ẑ along the beam.

larger than expected [10]. Another measurement was later
performed at MAMI, which extended the measured Q2

range up to 0.67 (GeV/c)2 [11] with the same conclusion.
Using full Faddeev calculations that correctly incorporated
the significant effects of FSI, the predictions of Golak et al.
agreed with the observed asymmetries [12]. This measure-
ment of A0

y provides unprecedented precision and extends
up to Q2 of 0.96 (GeV/c)2. It provides new constraints
on models used to extract neutron physics from electron
scattering from 3He nuclei, and shows clear evidence of the
dominance of nuclear effects across Q2.

We report measurements on A0
y up to Q2 of

0.96 (GeV/c)2, performed at the Thomas Jefferson Na-
tional Accelerator Facility (JLab) in Experimental Hall A
from April-May 2009. In the experiment, E08-005, a
longitudinally-polarized electron beam with a current of
10 µA was incident on a polarized 3He gas cell. The beam
helicity was flipped in a pseudorandom quad pattern every
33.3 ms [13]. The target single-spin asymmetry measure-
ment effectively assumed an unpolarized beam as events
were summed over both helicity states. The small time
frame of 33 ms between psuedorandom flips ensured than
changes in luminosity between the two electron helicity
states was negligible. The beam, at energies of 2.4 GeV
and 3.6 GeV, was incident on a 40-cm-long 3He cell that
was polarized in the vertical ŷ direction, as shown in Fig. 1.
Scattered electrons were detected in the high-resolution
spectrometer (HRS) and knocked-out neutrons were de-
tected using the Hall A Neutron Detector (HAND) [14, 15].
This experiment ran concurrently with multiple experi-
ments that measured quasi-elastic structure on polarized
3He [16, 17, 18, 19].

The 3He target was polarized through spin-exchange
optical pumping (SEOP) [20, 21, 22, 23, 24]. An aver-

2

� Ideal probe of FSI and MEC

� Should be zero in PWIA and
should die out at high Q2

� Difficult calculations
at high Q2

QE QE
# #

Table 5: Experimental results for A0
y scaled by 10−2.

〈

Q2
〉

(GeV/c)2 A0
y ± δAstat

y ± δAsys
y

0.46 23.5± 1.58± 2.15
0.96 1.42± 0.43± 0.13
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Figure 3: Current measurements of A0
y at 0.46 and 0.96 (GeV/c)2

plotted as a function of the energy transfer, ν. The dotted lines
indicate the center of the quasi-elastic peak.

the Bochum group provided reasonable predictions of A0
y

values to both the historical and current data [11]. Fad-
deev calculations are not available above a Q2 of approxi-
mately 0.4 (GeV/c)2 since relativistic effects are not in-
cluded in the calculations. This experiment is unique
in that it reaches unprecedented precision up to Q2 of
0.96 (GeV/c)2, and was also done at much larger ε =
(1 + 2(1 + Q2/4M2) tan2 θe/2)

−1 than previous results,
a region that has been shown to be sensitive to effects
beyond the Born approximation such as two-photon ex-
change [32, 16]. A0

y is large at low Q2, where FSI and
MEC are significant, and drops off exponentially to the
10−2 level as Q2 approaches 1 (GeV/c)2, where contribu-
tions from FSI and MEC are greatly reduced. Any extrac-
tions of the neutron’s electromagnetic form factors from
3He scattering must account for these effects.

We thank the Jefferson Lab Hall A technical staff and
the Jefferson Lab accelerator staff for their outstanding
support. This work was supported in part by the National
Science Foundation, the U.S. Department of Energy, and
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Figure 4: Current A0
y measurements, along with the NIKHEF [10]

and MAMI [11] data, plotted as a function of Q2 alongside the values
of ε for each data point. Error bars represent the total uncertainties.
The uncertainties for these data can be found in Table 5. The dot-
dashed cross represents the modified PWIA approach used by Laget
[9, 10], the dotted and solid crosses represent the non-relativistic
Faddeev calculations including FSI and, in the case of the solid cross,
MEC [11]. Only the Faddeev calculations, which fully account for
FSI, represent the data. The dotted line is an exponential fit of the
current world data.

the UK Science and Technology Facilities Council. Jef-
ferson Science Associates, LLC, operates Jefferson Lab
for the U.S. DOE under U.S. DOE contract DE-AC05-
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y at 0.46 and 0.96 (GeV/c)2

plotted as a function of the energy transfer, ν. The dotted lines
indicate the center of the quasi-elastic peak.

the Bochum group provided reasonable predictions of A0
y

values to both the historical and current data [11]. Fad-
deev calculations are not available above a Q2 of approxi-
mately 0.4 (GeV/c)2 since relativistic effects are not in-
cluded in the calculations. This experiment is unique
in that it reaches unprecedented precision up to Q2 of
0.96 (GeV/c)2, and was also done at much larger ε =
(1 + 2(1 + Q2/4M2) tan2 θe/2)

−1 than previous results,
a region that has been shown to be sensitive to effects
beyond the Born approximation such as two-photon ex-
change [32, 16]. A0

y is large at low Q2, where FSI and
MEC are significant, and drops off exponentially to the
10−2 level as Q2 approaches 1 (GeV/c)2, where contribu-
tions from FSI and MEC are greatly reduced. Any extrac-
tions of the neutron’s electromagnetic form factors from
3He scattering must account for these effects.
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y measurements, along with the NIKHEF [10]

and MAMI [11] data, plotted as a function of Q2 alongside the values
of ε for each data point. Error bars represent the total uncertainties.
The uncertainties for these data can be found in Table 5. The dot-
dashed cross represents the modified PWIA approach used by Laget
[9, 10], the dotted and solid crosses represent the non-relativistic
Faddeev calculations including FSI and, in the case of the solid cross,
MEC [11]. Only the Faddeev calculations, which fully account for
FSI, represent the data. The dotted line is an exponential fit of the
current world data.
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Table 5: Experimental results for A0
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Figure 3: Current measurements of A0
y at 0.46 and 0.96 (GeV/c)2

plotted as a function of the energy transfer, ν. The dotted lines
indicate the center of the quasi-elastic peak.

the Bochum group provided reasonable predictions of A0
y

values to both the historical and current data [11]. Fad-
deev calculations are not available above a Q2 of approxi-
mately 0.4 (GeV/c)2 since relativistic effects are not in-
cluded in the calculations. This experiment is unique
in that it reaches unprecedented precision up to Q2 of
0.96 (GeV/c)2, and was also done at much larger ε =
(1 + 2(1 + Q2/4M2) tan2 θe/2)

−1 than previous results,
a region that has been shown to be sensitive to effects
beyond the Born approximation such as two-photon ex-
change [32, 16]. A0

y is large at low Q2, where FSI and
MEC are significant, and drops off exponentially to the
10−2 level as Q2 approaches 1 (GeV/c)2, where contribu-
tions from FSI and MEC are greatly reduced. Any extrac-
tions of the neutron’s electromagnetic form factors from
3He scattering must account for these effects.
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y measurements, along with the NIKHEF [10]

and MAMI [11] data, plotted as a function of Q2 alongside the values
of ε for each data point. Error bars represent the total uncertainties.
The uncertainties for these data can be found in Table 5. The dot-
dashed cross represents the modified PWIA approach used by Laget
[9, 10], the dotted and solid crosses represent the non-relativistic
Faddeev calculations including FSI and, in the case of the solid cross,
MEC [11]. Only the Faddeev calculations, which fully account for
FSI, represent the data. The dotted line is an exponential fit of the
current world data.

the UK Science and Technology Facilities Council. Jef-
ferson Science Associates, LLC, operates Jefferson Lab
for the U.S. DOE under U.S. DOE contract DE-AC05-
06OR23177.

References

[1] C. Perdrisat, V. Punjabi, M. Vanderhaeghen, Prog. Part. Nucl.
Phys. 59 (2007) 694–764.

[2] R.-W. Schulze, P. Sauer, Phys. Rev. C48 (1993) 38–63.
[3] C. Herberg, M. Ostrick, H. Andresen, J. Annand, K. Aulen-

bacher, et al., Eur. Phys. J. A5 (1999) 131–135.
[4] M. Ostrick, C. Herberg, H. Andresen, J. Annand, K. Aulen-

bacher, et al., Phys. Rev. Lett. 83 (1999) 276–279.
[5] M. Meyerhoff, D. Eyl, A. Frey, H. Andresen, J. Annand, et al.,

Phys. Lett. B327 (1994) 201–207.
[6] J. Becker, H. Andresen, J. Annand, K. Aulenbacher, K. Beuchel,

et al., Eur. Phys. J. A6 (1999) 329–344.
[7] D. Rohe, P. Bartsch, D. Baumann, J. Becker, J. Bermuth, et al.,

Phys. Rev. Lett. 83 (1999) 4257–4260.
[8] J. Golak, G. Ziemer, H. Kamada, H. Witala, W. Gloeckle, Phys.

Rev. C63 (2001) 034006.
[9] J. Laget, Phys. Lett. B273 (1991) 367–370.

[10] H. R. Poolman, Quasifree spin dependent electron scattering
from a polarized He-3 internal target, Ph.D. thesis, Vrije Uni-
versiteit, 1999.

[11] J. Bermuth, P. Merle, C. Carasco, D. Baumann, D. Bohm, et al.,
Phys. Lett. B564 (2003) 199–204.

[12] J. Golak, W. Gloeckle, H. Kamada, H. Witala, R. Skibinski,
et al., Phys. Rev. C65 (2002) 044002.

[13] Y. Chao, M. Drury, C. Hovater, A. Hutton, G. Krafft, et al., J.
Phys. Conf. Ser. 299 (2011) 012015.

[14] R. Subedi, Studying Short-Range Correlations with the

5

Long++ PLB (in press, 2019)

=) PWIA good enough for high-Q2 experiments at JLab 12 GeV!

32



Double-spin asymmetries in QE 3 ~He�~e;e0n� E08–005
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Triple-polarized 3 ~He�~e;e0~p� MAMI/A1

� PWIA: �L, �T, �T0 yield spin-dependent momentum distribution
� FSI, MEC preclude direct access except at pd Ü 2 fm�1

� Rich interplay . final-state symmetrization: large effect in C3

. FSI: largest in C2

. MEC: most prominent in C1
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Triple-polarized 3 ~He�~e;e0~p� MAMI/A1

� Spin-dependent momentum distributions of ~p~d clusters in polarized 3He
Golak++ PRC 65 (2002) 064004

N� �
D

	 ���pd Mdm j bj��~q�j	ME
Y
�
M � 1

2
;Md � 0;m � �1

2

�
/

����Nspin PWIA
�1

�
1
2
;0;�1

2

�����2

Y
�
M � 1

2
;Md � 1;m � �1

2

�
/

����Nspin PWIA
�1

�
1
2
;1;�1

2

�����2 q0 [MeV/
℄Y[fm3 ℄ 8006004002000
10�110�310�510�7

q0 [MeV/
℄Y[fm3 ℄ 8006004002000
10�110�310�510�710�9A � Y�1=2;0;1=2��Y�1=2;1;�1=2�

Y�1=2;0;1=2��Y�1=2;1;�1=2�

�L / jN0j2

�T / jN�1j2 � jN�1j2

�T0 / jN�1j2 � jN�1j2

Weinriefer (2011)

35



Form-factor modification in medium

Figs by S. Strauch

• Free nucleon



• Bound nucleon data need evaluation within model 
Reaction-mechanism effects predicted to be small and minimal 
for



‣ Quasi-elastic scattering


‣ High Q2, small missing momenta



• Compare quasi-elastic and free-proton  
scattering to study possible medium effects

Polarization-Transfer Technique

R = ′Px
′Pz

⎛
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Form Factors in the Dressed γNN Vertex

• Dressed K-Matrix model (DKM): dressing the bare vertex with an 
infinite number of meson loops (π, ρ, σ mesons)

S. Kondratyuk, K. Kubodera, and F. Myhrer, Phys. Rev. C 71, 028201 (2005).

Range of


E11-002 (future exp.)


E03-104

3

γ*

off shell

off shell

on shell

photon-nucleon vertex

Models Predict Form-Factor Medium Modifications

CQS: J.R. Smith and G.A. Miller, Phys. Rev. C 70, 065205 (2004)


QMC: D.H. Lu et al., Phys. Lett. B 417, 217 (1998) 
NJL: I.C. Cloet, W. Bentz, and A.W. Thomas

ρ = 0.5 ρ0
ρ = 1.0 ρ0
ρ = 1.5 ρ0

2

• Changes in the internal 
structure of bound nucleons 
result also in bound nucleon 
form factors. 



• Chiral Quark Soliton (CQS), 
Quark Meson Coupling (QMC), 
Skyrme, Nambu-Jona-Lasinio 
(NJL), GPD Models.



• Observable effects predicted. 
Model predictions:



‣ are density and Q2 dependent,


‣ show similar behavior,


‣ consistent with experimental 

data (within large 
uncertainties).

CQS  
QMC

� Observable Q2– and �–dependent effects predicted by various models

� Exploit polarization-transfer technique in � QE proton knock-out:
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Form-factor modification: calculations for 12C

�-dependence pm-dependence
BRIEF REPORTS PHYSICAL REVIEW C 87, 028202 (2013)

FIG. 2. (Color online) The nuclear density dependence of the
proton EM form factors from the QMC and CQS models as a function
of nuclear density at Q2 = 0.4 (GeV/c)2. The shaded bands show the
effective nuclear densities for the two proton shells probed in the
12C(e, e′p) reaction at these kinematics.

quarks are almost completely unaffected, whereas the valence
quarks yield significant modifications of the form factors in
the nuclear environment. The model yields a decrease of
the electric form factor of about 5% at nuclear saturation
density (∼0.16fm−3), while the modification of the magnetic
form factor is smaller, around 1–2 %. In the quark meson
coupling (QMC) model [17,36] the form factors are found to
be increasingly modified as the nuclear density increases. For
example, at saturation nuclear density, the nucleon electric
form factor is reduced by approximately 7%, similar to the
CQS model. The magnetic form factor increases by about the
same amount, which is quite different from the CQS value.

These QMC and CQS model calculations contained in
Fig. 2 do not intend to yield precise predictions for the
proposed 12C(e, e′ �p ) measurement, nor to test/select the most
appropriate model. These calculations point to the possible size
of the effect we expect to see from scattering off the tightly
bound s-shell proton relative to the less bound p-shell proton.
See Fig. 3 for an estimate of the difference between the two
shell removals for realistic measurement conditions discussed
below.

The suggested measurements can be performed using the
MAMI/A1 beam line and spectrometers [26,27]. A 20-μA,
600-MeV, electron beam can be used to bombard a solid
thin carbon target. Two high-resolution small solid angle
spectrometers will be used to detect the scattered electron and
proton. The MAMI/A1 spectrometers have a scattering angle
acceptance of approximately ±4 degrees, and a momentum
acceptance of 20–25 %. The spectrometer used to detect the
proton is equipped with a focal plane polarimeter (FPP) that
is used to measure the polarization of the recoil proton. The
momentum resolution achievable by this setup allows recon-
structing the missing mass and clearly identifying the s- and
p-removal protons, which are separated by more than 2 MeV.

The proposed kinematics are Q2 = 0.4 (GeV/c)2, a beam
energy of 600 MeV, which gives a scattered electron energy of

FIG. 3. (Color online) The ratio of the expected in-medium
modification effect in the s- and p-shell removals. See text for details.

E′ = 384 MeV and a scattering angle of 82.4 (34.7) degrees for
the electron (proton). This setup covers a missing momentum
range of approximately 0±100 MeV/c. At these kinematics the
cross section is large enough so that the data rate is limited by
the data acquisition system. The analyzing power of the FPP
and the spin precession angle of the proton in the spectrometer
magnetic field are such that within a reasonable amount of
beam time (∼2 weeks) enough statistics can be collected
to ensure that the statistical uncertainties are smaller than
both the systematic and theoretical uncertainties. The expected
systematic uncertainties are dominated by the spin precession
of the proton in the magnetic field of the spectrometer,
requiring an accurate reconstruction of the proton trajectory
in the magnetic field, as well as knowledge of the field map.
Comparison of the measured polarization components with
the well-known results for a free proton at the same Q2 can be
used to test the systematic uncertainties. The false asymmetries
are removed by using straight-through runs, where the carbon
analyzer is removed, resulting in straight tracks throughout
the polarimeter chambers. We estimate based on previous
results [5,9,15], a conservative systematic uncertainty of 2%
in the polarization ratio. Note, however, that this estimate is
for the full acceptance of the spectrometer. The comparison
of the polarization ratios for s-shell and p-shell protons can
be performed for individual parts of the focal plane and
then combined. This procedure reduces the variation of the
trajectories through the magnetic field, and its contribution to
the systematic uncertainty.

Figure 3 shows the predicted ratio of s- and p-shell removal
calculations with in-medium modification to the modification
free ratio. The CQS and QMC models discussed above were
used to describe the in-medium case, the modification-free
ratio was calculated with free proton form factors (i.e.,
no medium modification). All predictions use the RMSGA
framework. The ratio is shown as a function of the (e, e′p)
missing momentum pm and integrated over the acceptance of
the MAMI/A1 spectrometers as listed above. So Fig. 3 is our
estimate of the result of the proposed measurement.

In Fig. 3 super double ratios substantially different from
unity are an indication of in-medium modification. As can be
deduced from Fig. 3 the expected effect is about 5%. With

028202-3

� Different shells a different local
densities // Ron++ PRC 87 (2013) 028202

� Disentangle via Em cuts

� Need to explore �pm and �� regions
(no a priori symmetry)
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proton EM form factors from the QMC and CQS models as a function
of nuclear density at Q2 = 0.4 (GeV/c)2. The shaded bands show the
effective nuclear densities for the two proton shells probed in the
12C(e, e′p) reaction at these kinematics.
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quarks yield significant modifications of the form factors in
the nuclear environment. The model yields a decrease of
the electric form factor of about 5% at nuclear saturation
density (∼0.16fm−3), while the modification of the magnetic
form factor is smaller, around 1–2 %. In the quark meson
coupling (QMC) model [17,36] the form factors are found to
be increasingly modified as the nuclear density increases. For
example, at saturation nuclear density, the nucleon electric
form factor is reduced by approximately 7%, similar to the
CQS model. The magnetic form factor increases by about the
same amount, which is quite different from the CQS value.

These QMC and CQS model calculations contained in
Fig. 2 do not intend to yield precise predictions for the
proposed 12C(e, e′ �p ) measurement, nor to test/select the most
appropriate model. These calculations point to the possible size
of the effect we expect to see from scattering off the tightly
bound s-shell proton relative to the less bound p-shell proton.
See Fig. 3 for an estimate of the difference between the two
shell removals for realistic measurement conditions discussed
below.

The suggested measurements can be performed using the
MAMI/A1 beam line and spectrometers [26,27]. A 20-μA,
600-MeV, electron beam can be used to bombard a solid
thin carbon target. Two high-resolution small solid angle
spectrometers will be used to detect the scattered electron and
proton. The MAMI/A1 spectrometers have a scattering angle
acceptance of approximately ±4 degrees, and a momentum
acceptance of 20–25 %. The spectrometer used to detect the
proton is equipped with a focal plane polarimeter (FPP) that
is used to measure the polarization of the recoil proton. The
momentum resolution achievable by this setup allows recon-
structing the missing mass and clearly identifying the s- and
p-removal protons, which are separated by more than 2 MeV.

The proposed kinematics are Q2 = 0.4 (GeV/c)2, a beam
energy of 600 MeV, which gives a scattered electron energy of

FIG. 3. (Color online) The ratio of the expected in-medium
modification effect in the s- and p-shell removals. See text for details.

E′ = 384 MeV and a scattering angle of 82.4 (34.7) degrees for
the electron (proton). This setup covers a missing momentum
range of approximately 0±100 MeV/c. At these kinematics the
cross section is large enough so that the data rate is limited by
the data acquisition system. The analyzing power of the FPP
and the spin precession angle of the proton in the spectrometer
magnetic field are such that within a reasonable amount of
beam time (∼2 weeks) enough statistics can be collected
to ensure that the statistical uncertainties are smaller than
both the systematic and theoretical uncertainties. The expected
systematic uncertainties are dominated by the spin precession
of the proton in the magnetic field of the spectrometer,
requiring an accurate reconstruction of the proton trajectory
in the magnetic field, as well as knowledge of the field map.
Comparison of the measured polarization components with
the well-known results for a free proton at the same Q2 can be
used to test the systematic uncertainties. The false asymmetries
are removed by using straight-through runs, where the carbon
analyzer is removed, resulting in straight tracks throughout
the polarimeter chambers. We estimate based on previous
results [5,9,15], a conservative systematic uncertainty of 2%
in the polarization ratio. Note, however, that this estimate is
for the full acceptance of the spectrometer. The comparison
of the polarization ratios for s-shell and p-shell protons can
be performed for individual parts of the focal plane and
then combined. This procedure reduces the variation of the
trajectories through the magnetic field, and its contribution to
the systematic uncertainty.

Figure 3 shows the predicted ratio of s- and p-shell removal
calculations with in-medium modification to the modification
free ratio. The CQS and QMC models discussed above were
used to describe the in-medium case, the modification-free
ratio was calculated with free proton form factors (i.e.,
no medium modification). All predictions use the RMSGA
framework. The ratio is shown as a function of the (e, e′p)
missing momentum pm and integrated over the acceptance of
the MAMI/A1 spectrometers as listed above. So Fig. 3 is our
estimate of the result of the proposed measurement.

In Fig. 3 super double ratios substantially different from
unity are an indication of in-medium modification. As can be
deduced from Fig. 3 the expected effect is about 5%. With
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Form-factor modification in medium: “universality”
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Fig. 4. Theoretical results of [8] with FSI (DWIA) and without (PWBA), with first order relativistic corrections (RC), and without it (NR). Also shown is the effect of adding 
MEC+IC corrections.

The theoretical results are different for positive and negative 
pmiss kinematics. Calculations [8] extended to a larger positive 
missing momentum range than the data even strengthen this claim 
(see Fig. 4). This may be observed also in the 4He data [5]. This 
trend in the calculation is predominantly associated with differ-
ent FSI in the two kinematics and should be confirmed for the 
deuteron with additional data at larger positive pmiss.

To summarize, the new data of the polarization-transfer double-
ratios (P x/P z)2H/(P x/P z)H extend the previous measurements and 
almost double the virtuality range. The measurements agree well 
with the previous 2H and 4He data sets (obtained in different kine-
matics). The question of medium modification is rather involved 
and may depend on several parameters. Our data add several sig-
nificant pieces to this puzzle. They clearly show that the virtuality 
is an important parameter to describe the measured (P x/P z)2H and 
that the data are nearly independent of the average nuclear density 
and Q 2. However, taking the form factors for a bound proton to be 
those of a free proton, the calculations do not fully reproduce the 
strong virtuality dependence observed in our measurement. This 
may indicate the need to invoke in-medium form factor modifi-
cations. These results suggest to further extend the measurements 
on the deuteron in the positive pmiss sector, as well as extending 
both the 4He and deuteron data to larger virtuality. Indeed, such 
measurements were proposed [12] and approved at JLAB.
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� Virtuality: � � p2 �m2
p or, better, � �
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mA �

q
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A�1 � p2

m
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� p2
m �m2
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� Relevant variable: � . No A-dependence (“universality”)

� Largest effects due to FSI and WF of proton in nucleus, not due to
FF modification — hard to disentangle =) new JLab proposal at higher Q2
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Preliminary results on 12C P 0x and P 0z (not ratios)
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Acceptance-averaging of 3 ~He�~e;e0p� and 3 ~He�~e;e0d�p

� Calculations available only
on a discrete kinematic mesh
acceptance averaging needed

� Decision:
Manipulate calculations — not data

� Asymmetry for each �E0; �e�
at each �pm; �xq� determined
by calculating the weighted mean
of the nearest points

� Weak dependence on cell size

� Data at Q2 � 0:25 and 0:35 GeV2,
only first set published:
PRL 113 (2014) 232505

Averaging of theories 

 Theoretical predictions need to 

be averaged over the 

experimental acceptance. 

 

 

 Calculations available only for a 

discrete mesh of points. 

 

 

 Asymmetry for each (θe’,E’) at 

each (pmiss, θpq) determined by 

calculating the weighted mean of 

the nearest points.  

 

 

 Results depend only weakly on 

the area of the considered points. 
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“Fine-tuning” the calculations for 3 ~He�~e;e0p�

� Rescale 3bbu calculations
to roughly match magnitude
and zero-crossing of A

� A � �2A2 � �3A3

�2 � �3
� A2 �A3R32

1� R32

� � 30–40 % reduction needed

Fine tuning the theories 

 Rescaling the 3BBU calculations 

to best match the amplitude and 

zero crossing.  

 

 

 Reduction of 30-40% needed! 
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SSA in QE 3He"�e;e0� (details) E05–015

Extraction of An
y from A3He

y — effective polarization approximation:

A
3He
y � PnfnAn

y � Pp�1� fn�A
p
y

fn �
� n

� 3He
� � n

2�p � � n

Pn � 0:86� � � � Pp � �0:028� � � �

high Q2: fn computed with Kelly’s parameterization of nucleon FFs

low Q2: theoretical estimate (due to FSI): fn � 0:042 (A. Deltuva)

Ap
y computed by Afanasev et al.
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