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Abstract

We propose here measurements of the ratio ��� ������� � via doubly polarized elastic 	��
 	��
���� ��� scattering at��������� ��� and � � � � (GeV/c)
�
. The UVa polarized NH  target will be used in Hall C with its spin aligned

at !#"%$ and & � $ w.r.t. the beam direction. To extract � � �'��� � � , we perform measurements at kinematics
where the elastic asymmetries are the most sensitive to this ratio. Assuming ()��* beam polarization and&�� nA current, we request "%( days of beam time to achieve a precision of + 
-, ���� ����� � � � � � � �)� and

� � �).�. at
���/�0�#� �)� and � � � � (GeV/c)

�
, respectively. Here , � , � is the proton magnetic moment. We

also request
�

days of overhead time.

Compared to PR04-014 where single-arm electron measurements were proposed, we propose here
coincidence measurements with electrons detected by the large acceptance BETA detector and protons
tagged by a large scintillator array. As a result the

�1�
range of this proposal is much higher than what

was proposed in PR04-014.

The proposed measurement will provide the first data on ��� � ����� � from the 	�2
 	��
3�%� �4� asymmetry
method in the region

�5�768�
(GeV/c)

�
with good precision. It represents the next step in a logical

scientific progression to fully understand the discrepancy between data from the Rosenbluth separation
and the polarization transfer technique. One possible explanation of this observed discrepancy is the two-
photon exchange correction, which so far is difficult to study experimentally in region

�9��6 � (GeV/c)
�
.

The direct extraction of �:� � ����� � from the double polarization asymmetry is expected to be less sensitive
to the two-photon exchange effect than the Rosenbluth separation. Moreover, so far almost all calcula-
tions on the two-photon exchange correction use the observed discrepancy itself as an input, or assume
that the polarization transfer data give the true values of ��� � ����� � . It is therefore critical to provide an
independent check of polarization transfer data before spending extensive effort on studying the details
of the two-photon exchange effect. The new method proposed here serves this purpose perfectly – while
based on the same double polarization principles, it has completely different systematic uncertainties than
the polarization transfer method. In particular, it does not suffer from the uncertainties due to particle
spin precession in the spectrometer. Finally, in addition to the two-photon exchange, there might be other
processes of which we are not aware that can contribute to the discrepancy. The new data will give an
opportunity to explore such unknown effects.
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1 Motivation

The nucleon is one of the basic building blocks of nature. The elastic form factors are important fun-
damental properties of the nucleon, describing its internal structure due to the spatial distribution of its
charge and magnetism, and play an essential role in hadronic physics as the sine qua non input to our
understanding of the nucleon structure. Thus it is of the utmost urgency that we have accurate and reli-
able measurements of these fundamental qualities of the nucleon from low

�/�
to the highest

�5�
we can

reach. However, there is a discrepancy between the proton � � ��� � data obtained by two very different
techniques that clearly indicates a problem in either the experimental methods or the theoretical basis
used to extract the form factors from the data. Any such discrepancies must be resolved without delay. In
this proposal, we propose an independent measurement of the ratio � � ��� � on the proton using a third
technique which is experimentally unrelated to either of the first two. In this Section we will first briefly
review available calculations for �:� � ����� � , then give an overview of previous world data, summarize the
current status of theoretical and experimental studies of the two-photon exchange effect, and in the end
propose a new method to measure the ��� ������� � ratio.

1.1 Theories

The proton elastic form factors have been calculated in various models. At low four momentum transfer
squared

����� " (GeV/c)
�
, the Vector Meson Dominance (VMD) model [1] successfully describes the

nucleon form factors. In the high
�1�

region, the dominant degrees of freedom of the nucleon are the
three valence quarks and perturbative Quantum Chromo-Dynamics (pQCD) can be applied [2]. Specifi-
cally, based on the leading-order pQCD, or hadron helicity conservation, the ratio of Dirac and Pauli form
factors �:�� ������ is expected to scale as "�� � � at high

� �
[2, 3], which directly constrains the behavior of��� ������� � in this region.

In the intermediate region " � �1��� 
 " ������� � (GeV/c)
�

(or higher), however, predictions for the
nucleon form factors become difficult because the soft scattering processes are still dominant compared
to hard scattering. Moreover, these soft contributions might be different for different observables of the
scattering processes. This fact itself can be used as a tool to understand the role of the soft processes
without reaching asymptotically high

�1�
. Many QCD models have been used to calculate the elastic

nucleon form factors in this region - the relativistic constituent quark model (RCQM) [4, 5], the cloudy
bag model (CBM) [6], the SU(6) breaking CQM [7], the point-form spectator approximation (PFSA)
model based on the Goldstone boson exchange CQM [8], and the chiral soliton model [9]. Figure 1
shows existing calculations for , ��� ������� � along with world data, where , � , �

� � � ( . � ,	� is the proton
magnetic moment.

1.2 Existing Data

The proton elastic form factors have been measured for almost five decades. In the traditional Rosenbluth
separation method, based on the assumption of the one-photon exchange process, the elastic cross section
is measured at fixed

� �
but different values of the virtual photon polarization 
 . Then the values of �5� � ,��� � and their ratio are extracted from a linear fit of the cross section as a function of 
 . Data from this

method show that �:� � can be approximated by the dipole form ��� � , � 
 "�
 �5� � � � ( " � � , at least up to
about

����� �
� ! (GeV/c)

�
. The ratio , � � �'��� � � is observed by this method to be close to unity. Above

this
���

region, ��� � is extracted from single cross section measurements assuming , ��� � � ��� � . Data on
���� at

����6 " � (GeV/c)
�

show a "�� ��� scaling behavior which is consistent with pQCD predictions [10].
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However, recent data from the method of measuring the polarization transfer [12, 13, 14] showed
that , �:� � ����� � drops linearly as

�5�
increases and reaches as low as � � � � at

�1� � � � � (GeV/c)
�
, in

significant disagreement with the Rosenbluth data (see Fig. 1). This dramatic change has provoked large

Figure 1: Previous world data for , �:� � ����� � from a global analysis of Rosenbluth data [11] (open squares)
and from polarization transfer method [12, 13, 14] (open and solid stars). A dramatic disagreement is
clearly seen between the two data sets at

�1� 6 � (GeV/c)
�
. Preliminary results from a recent Hall A

high precision Rosenbluth experiment (solid squares) [17] agree with previous Rosenbluth data. Curves
are calculations from VMD (black) [1], RCQM (red) [5], SU(6) breaking with CQM FF (blue) [7], PSFA
(green) [8] and chiral soliton model (magenta) [9].

interest in both theoretical and experimental aspects of the proton form factor studies. Different fits have
been performed separately to cross section data, and data from both cross section measurements and
polarization transfer methods [15]. Previous Rosenbluth data have been re-analyzed [16] but the results
are still inconsistent with polarization measurements. At high

� �
, data from cross section measurements

have also been re-analyzed [16] using the polarization transfer fit [13].

Experimentally, preliminary results from the recently completed Hall A high precision Rosenbluth
experiment E01-001 [17] agree well with previous Rosenbluth data. A new polarization transfer exper-
iment [18] is planned in Hall C to measure , ��� � ����� � up to

��� � . � � (GeV/c)
�
. Since a new proton

polarimeter will be used in a spectrometer different from what was used in previous experiments, it is
expected to check the systematic uncertainties of existing polarization transfer data, especially those due
to the uncertainty of the spin precession. However the new experiment is still based on the same tech-
nique and analyzing methods as previous polarization transfer experiments, so it will still share some of
the systematics. Therefore, it is critical to have a fully independent double polarization experiment, and
this is the main purpose of this proposal.
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1.3 Two-Photon Exchange Correction

In order to explain the discrepancy between the Rosenbluth separation and polarization transfer data, as-
suming that both are correct, significant effort has been spent on the understanding of radiative corrections
and soft processes that can modify the results obtained under the assumption of one-photon exchange. The
validity of radiative corrections has been checked, and it has been suggested that the two-photon exchange
process may explain part of the discrepancy between the two data sets.

Earlier data on the ratio of the ��� � � and ��� � � scattering cross sections indicated that the two-photon
exchange correction was small [19]. As a result, when analyzing the Rosenbluth data, the two-photon (and
higher order) exchange corrections were small in the traditional radiative corrections [20].

On the other hand, if this correction is not small, it can introduce an 
 -dependence to the cross section
and effect the linearity of the Rosenbluth plot. Guichon and Vanderhaeghen [21] showed that, based
on general forms of this correction, the effect on the Rosenbluth data is much larger than that on the
polarization transfer data, and the true , � � �'��� � � is about ��� * below the fit to polarization transfer data.
Blunden, Melnitchouk and Tjon [22] evaluated the two-photon exchange contributions to elastic � � �
scattering cross sections based on a simple hadronic model including the finite size of the proton. Their
results explained one third of the discrepancy between the two data sets.

Rekalo and Tomasi-Gustaffson [23] derived from first principles, i.e. the C-invariance of the EM
interaction and the crossing symmetry, the general properties of two-photon exchange in � � � elastic
scattering. They showed that the presence of this mechanism destroys the linearity of the Rosenbluth
separation but does not significantly affect the terms related to the EM form factors.

In a recent work by Chen et al., the two-photon exchange contribution was estimated for elastic � � �
scattering where the scattering occurs from a parton in the proton [24]. The process on the nucleon was
related to the generalized parton distributions. It was found that if using the polarization transfer data as
the proton form factors, then when adding in the two-photon correction to the polarization transfer data,
it is possible to reproduce the Rosenbluth data to a certain level. In Fig. 2, we show data on the reduced
cross section ���

��� � � � 
 
�� �� at
����� ��� � and ! � " (GeV/c)

�
from a recent high precision Rosenbluth

experiment in Hall A (black points) [17]. The 
 -dependence of �	� is fit by the solid line. Then we add
in the two-photon correction of Chen’s work, the corrected �
� are shown as green (using corrections at

Figure 2: Data on the reduced cross section ��� at
��� � ��� � (left) and ! � " (GeV/c)

�
(right) from a

recent Hall A high precision Rosenbluth experiment (black points) [17]. After adding in the two-photon
correction by Chen et al. [24], the corrected � � (green points if using corrections at

�1��� � � � (GeV/c)
�
,

and red points if using
�5�/� � (GeV/c)

�
corrections) fall half-way between the uncorrected Rosenbluth

data (fit by black line) and a fit to polarization transfer data (blue dashed line).
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��� � � � � GeV
�
) and red points (using corrections at

�1� � � GeV
�
). The blue dashed line shows the

slope of ��� if � � ��� � ratio agrees with the polarization transfer data. Apparently, at both
�/�

values,
this calculation explains at most half of the discrepancy.

The double polarization experiment, on the other hand, provides a more direct measurement of the
ratio , � � ��� � . The calculations show that the two-photon contributions are small to both the transverse
and the longitudinal polarization transfer components

���
and

���
[21, 22, 25]. Figure 3 shows results of

one of the calculations [26]. Therefore, while the ratio , � � ��� � from the spin transfer measurement will

Figure 3: Two-photon corrections for
���

and
���

at
� � � �#� � (left) and � � � (GeV/c)

�
(right), from one

of the calculations [26]. Here
����� � 
 "	� � is the polarization transfer component from only the one-photon

exchange and
����� � 
 "
� 
 � � � is the contribution from both one- and two-photon exchanges. In the region


 6 � � ( at both
���

values, the two-photon correction is no larger than
� * for either component.

be affected by the two-photon exchange contributions, the size of the effect is expected to be much less
than for the Rosenbluth separation technique and may be within experimental uncertainties for the higher� �

data points. The same is true for the asymmetries of doubly polarized elastic scattering.

Armed with the prediction that the two-photon exchange could be large, earlier SLAC data on the
ratio of the � � � � and ��� � � scattering cross sections have been re-examined to see if the two-photon
exchange effects on the cross section may explain the discrepancy in , ��� ������� � data. It has been shown
that there is indeed a hint that the two-photon exchange correction is large [27]. In this context, it is
interesting to see how people’s opinion changes with time – what we believed forty years ago turns out to
be incorrect and those important measurements ( � � scattering in this case) were abandoned just because
they were supposed to give the same results as other measurements ( � � scattering). Fortunately effort has
been started recently on measuring precisely the 
 -dependence of the � � � � to � � � � cross section ratio
up to

���
� " � � (GeV/c)

�
using the near- !�� detector CLAS [28]. Since this is the only direct method to

measure the two-photon effect contribution to the discrepancy in proton form factor data, one may have a
more solid answer about the two-photon contribution in this

� �
region in the near future. But even if this

experiment is completed, the data (including all existing � � data) are all in a low
�5�

region
�
 � (GeV/c)

�
and it will be difficult to set a good limit on the two-photon correction for higher

� �
.

Alternate investigations of the two-photon exchange effect are possible. For example, one can measure
the non-linearity of the Rosenbluth plot [29] and check two-photon exchange calculations. It was also
predicted [30, 31] that the interference between the one- and two-photon exchange processes leads to
a non-zero asymmetry � � for target polarized transversely to the scattering plane. An early attempt
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to measure this at SLAC showed the asymmetry to be zero but within rather large uncertainties [32].
There has been a recent suggestion to measure this asymmetry using BLAST at the MIT-Bates accelerator
facility, and an experiment was proposed for Hall C [33]. Other possibilities include a measurement
of the transverse beam asymmetry ��� . Such data exist at very low

�5�
, around � � " (GeV/c)

�
, from the

MAINZ-A4 and the SAMPLE experiments [34]. However, such measurements are doubly difficult: they
require very high precision data on either cross sections (Rosenbluth linearity check), or on asymmetries
( ��� ) over a wide kinematic ( 
 ) range and the development of new experimental facilities (transversely
polarized target for � � , or special designed polarimeter for

� � ). Moreover, they are sensitive to either
only the non-linear part, or only the imaginary part of the two-photon exchange effect. In one word, we
can not expect that any of these methods will directly solve the proton form factor discrepancy.

The two-photon exchange correction provides a possible explanation of the discrepancies in the ex-
isting data. Furthermore it not only affects the extraction of form factors from �

�
� scattering, but also

affects many other observables, e.g. parity-violating asymmetries. A full understanding of this process
may take many years, and a large amount of experimental study is necessary to provide guidance to the-
oretical work. We also cannot exclude the possibility that there might be other corrections, which we are
not aware of, that add to the discrepancy between the two form factor data sets. Hence it might not be
appropriate to attribute the full discrepancy to two-photon exchange effects. In this sense, it is critical to
perform an independent determination of , � � ��� � from double polarization observables to check the
results from the polarization transfer data, before significant efforts are spent on the study of two-photon
exchange effects.

2 The Proposed Experiment

We propose here a third method to measure � � � ��� � � in the intermediate
�5�

range at
��� ��� and � � � � (GeV/c)

�
.

We will measure the double polarization asymmetry in 	� � 	� elastic scattering and the �5� � ����� � ratio will
be extracted from the measured asymmetries. The first (and maybe the only) measurement of �5� � ����� �
using this method was performed at SLAC in the 1970’s [35] and the result was used to determined the
sign of � � ��� � for the proton. The method of using double polarization asymmetry of muon scattering
to study the nucleon EM form factors was also discussed in the literature [36]. Formulas for doubly po-
larized elastic scattering and its asymmetries are given in Appendix A.

For the proposed measurement, the UVa polarized NH  target will be used in Hall C with its spin
aligned at ! " $ and & � $ w.r.t. the beam-line, pointing to the left of the beam-line when viewing toward
beam dump. The scattered electrons will be detected in the BETA detector and protons in a scintillator
array. Assuming & � nA beam current with (���* polarization, we request "%( days of � � ��� � GeV beam to
reach an uncertainty + 
 , �:� � ����� � � � � � � �)� and � � ��.). at

�5� � �#� �)� and � � � � (GeV/c)
�
, respectively.

Six days overhead time are needed for commissioning of the equipment and target work.

The proposed measurement will provide the first precision data on , ��� � ����� � from a third method
in the intermediate

�5�
range. This method is expected to be less sensitive to the two-photon exchange

effect than Rosenbluth separation, based on the same argument as for the polarization transfer method that
they are both direct measurements of , ��� � ����� � . Furthermore, it has different systematic uncertainties
compared to the polarization transfer technique. Hence, it will complement these two methods. The new
results will provide crucial information on both the proton structure and the understanding of previous
world data, and provide reliable guidance for theoretical work on two-photon exchange corrections.
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3 Experimental Setup

In the following we describe the experimental setup for the proposed measurement in Hall C.

3.1 Overview

The floor plan for Hall C is shown in Fig. 4 (schematic) and Fig. 5 (drawing). The UVa polarized NH  
target will be installed with its spin direction aligned at ! " $ and & � $ w.r.t. the beam-line, as shown in

Figure 4: Hall C floor plan for the proposed measurement (not to scale).

oparked @ 54  )

Chicane
BE

Raster
Fast

Polarimeter
Moller

BCM1,2ARC

Target
Pol NH3

Chicane
BZ1,2

Raster

To Beam Dump

BETA

(not used,

HMS

Scintillator Array

Slow

(not used,SOS
parked @140  )o

BPM

Fig. 6. The scattered electrons will be detected by the BETA (Big Electron Telescope Array) installed
on the left side of the beam-line. A scintillator array will be assembled and installed on the right side
of the beam-line to detect scattered protons. Elastic events are identified by the electron scattering angle
and momentum, and triggering of the proton events in the scintillator array. Coplanary conditions will be
applied on the proton scattering angle to suppress quasi-elastic events and other backgrounds. Because
scattered particles will be deflected by the target field, both BETA and the scintillator array need to be
installed out-of-plane. The HMS and the SOS will not be used and will be parked at ��!#$ and " ! � $ ,
respectively. A new target platform needs to be built to accommodate the large parking angle of the HMS.
In Fig. 5, the cryo-line of the HMS hits some of the instruments on the current target platform.

3.2 Beam Line

We propose to use � � �)� � GeV polarized electrons with (�� * polarization and &�� nA beam current. Beam
energy will be measured to +

�
�
� � ��� " � � � level using the ARC method [37]. We plan to use the

M � ller polarimeter for beam polarization measurement. Currently the Hall C M � ller polarimeter can
provide better than "�* precision. However additional systematic error can come from the leakage from
other halls during Moller measurements. We therefore use " � ��* in the uncertainty estimation.

Because the target spin is not parallel to the beam direction, the strong � T magnetic field of the target
will bend the electron beam toward the floor. In order to ensure that the incoming beam is incident on the
target cell horizontally, we will use Hall C’s BE and BZ1 chicane magnets to bend the beam up before it

9



Figure 5: Design of Hall C floor layout for the proposed measurement. In this drawing, the
��

erenkov and
Lucite hodoscope sector of the BETA is at 83 cm and the calorimeter sector is at 7 m away from the
target. The Scintillator array is 1.6m(H) � 1.6m(W) at 5 m away from the target. The HMS and the SOS
are parked at ��! $ and " ! � $ , respectively. The target platform is the old design and overlay underneath the
HMS cryogenic lines.
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Figure 6: Kinematics for the proposed measurement. The �
�

axis is defined by the 	� direction, the �
�

axis
is defined by 	� � 	� � with 	� and 	� � the momentum of the incident and the outgoing electrons, respectively.
Target spin angles are shown for the case when the scattering plane is horizontal 
�� � � � $ � .

θp

q

S

e
θ

e’

p
(z*)

x*

(φ∗=0)

y*
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Figure 7: Hall C beam line chicane magnets and raster system. The BZ2 magnet and the beam-line
downstream of the target will be replaced by a He bag.

          Polarimeter#
quadrupole

2nd match section

1st raster

2nd raster

BE

BZ1

BZ2

Polarized target

To beam dump

Vertical plane

Horizontal plane

enters the target scattering chamber. A downstream chicane magnet will not be used. Instead a He bag
will be used for transporting the beam downstream of the target to the beam dump. A series of chicane
magnets were used for a similar purpose during the ���� experiment E93-026 [38] and the Resonance Spin
Structure E01-006 [39], and we will use the same setup.

The beam needs to be rastered to maintain the target polarization and to ensure uniform distribution
of both heat and radiation on the target material. We require the beam spot at the target to be � � cm in
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diameter which almost covers the entire target. This has been achieved during previous experiments [38,
39] using the slow rastering system. A schematic diagram for the beam-line chicane magnets and raster
system is shown in Fig. 7.

Beam position monitoring and beam current measurement at our low current of &�� nA need special
care. Using the same Secondary Emission Beam Position Monitor (SEM) [40] as in previous experiments
E93-026 and E01-006, we believe a precise beam position monitoring can be achieved. An upgrade of
the SEM electronics to operate in updating mode at the

� � Hz beam helicity flip rate is desirable, but not
required. The beam current can be measured to a level of ��* . The effect of beam charge asymmetry will
be discussed in Section 4.2.

3.3 The UVa NH � Target

We will use a solid polarized proton target developed by the University of Virginia (UVa). For the pro-
posed measurement, the target material is

�������  . In this target, Dynamic Nuclear Polarization (DNP) is
utilized to enhance the low temperature ( � " K), high magnetic field ( � T) polarization of solid materi-
als. The irradiation of the target with " ! � GHz microwaves drives hyperfine transitions which align the
nucleon spins. This target was successfully used in the SLAC experiments E143, E155, E155x and two
experiments E93-026 [38] and E01-006 [39] in Hall C. The proton polarization in

���
NH  can reach as

high as . ��* and will decrease because of beam induced radiation damage. An average polarization of(�� * was routinely achieved during previous experiments.
The target consists of a superconducting Helmholtz coils pair which operates at 5 Tesla, a

�
He evapo-

ration refrigerator, a large pumping system, a high power microwave tube operating at frequencies around
140 GHz and an NMR system for measuring the target polarization. Figure 8 shows a slice through the
target.

The target spin needs to be aligned at ! "�$ and & � $ w.r.t. the beamline for measurements of
�1��� ��� ���

and � � � � (GeV/c)
�
, respectively. Figure 9 shows the orientation of the target field and coils. For safety

reasons, about 5 mm clearance is required between the raster outer edge and the coils.
The target cell is filled with frozen ammonia granules (1-2 mm in size), is fixed to a target holder stick

(insert) and lowered into a cryostat of liquid
�
He. The nitrogen, helium and other target holder materials

are in the acceptance of the spectrometers and will dilute the measured asymmetry. The thickness and
density of each material are given in Table 1. The dilution factor will be discussed in Section 4.4. The
packing factor is defined as the fraction of

�������  to all materials in the target, and is usually measured
using reference targets made of carbon disks (

� �
C) and

�
He. The unpaired proton in nitrogen can be

polarized, hence a correction to the asymmetry must be made during analysis. The uncertainty due to the
asymmetry from quasi-elastic scattering (QES) on nitrogen will be discussed in Section 4.5.

The target polarization needed is (�� * (average) with &�� nA beam, measured by NMR to + � � � � � �
� � ��* . During previous experiments, the NMR measurement was done continuously during the run. NMR
readings were available every � ��� seconds for on-line display, and were stored in special target event
files for offline analysis. The price to pay for this is the presence of NMR pickup coils in the target cells,
which should be accounted for in the dilution analysis. Figure 10 shows the geometry of the cell and the
NMR coil used to measure proton polarization.

The radiation from the beam will lower the target polarization. This can be partially recovered by
target annealing, a process where the

�������  material is warmed from � " K to � & � K. But eventually
the target material needs to be changed for every & � hours of &�� nA beam. We will use two cells per
insert and at least one or possibly two insert changes will be needed during the experiment. Each insert
change takes approximately ��� hours. The first ! 
 �

hours and the
� 
 & hours at the end of an insert

change are for thermal equilibrium (TE) calibrations and should be performed with the hall closed. In
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Figure 8: Sideview of the UVa polarized NH  target.
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Table 1: Thickness and density for unpolarized materials along the beam-line.

Material Thickness (cm) Density (g/cm  )�
He (50% packing factor) 2.5 0.145

Al end-caps 0.00762 2.70
Copper in NMR coil 0.00673 8.96
Nickel in NMR coil 0.00289 8.75
Al windows in tail 0.00712 2.70
Al windows in LN � shield 0.00508 2.70
Al entrance window in cryostat � 0.00702 2.70
Al exit window in cryostat 0.01016 2.70

order to minimize the uncertainty of target polarization, we plan to perform additional TE calibrations
opportunistically during the experiment.
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Figure 9: Configuration of target coils for
� � ����� ��� (top) and � � � � (bottom) measurements.
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Figure 10: The 3-cm long by 2.5-cm diameter cylindrical target cell with the single loop coil used for
measuring the proton polarization. Drawing not to scale.

window
0.001" Al

electron beam

proton coil
Kel−F plastic cell

The strong magnetic field of the proposed target configuration will have an effect on the scattering
charged particles but this can be well simulated. The uncertainty in the target spin direction will contribute
to the systematic uncertainties of this experiment. During previous experiments the field direction has
been measured to � � "�$ , and we require the same precision.

3.4 The BETA detector

For experiments using the polarized solid
��� ���  target, the luminosity is limited because of target de-

polarization due to beam heating. Hence a large acceptance detector system is highly desirable. For the
proposed experiment, we will use the BETA (Big Electron Telescope Array) detector, currently being
built for the SANE experiment [41], to detect scattered electrons. The basic structure of the BETA is
shown in Fig. 11. It consists of a large electromagnetic calorimeter, a gas and a Lucite

��
erenkov detector.

The effective area of the BETA is 112cm(H) � 232cm(V). Basic characteristics of the BETA is given in
Table 2.

Table 2: Basic characteristics of the BETA detector.

Calorimeter Area 112 cm (H) � 232 cm (V)
Angular acceptance at 7 m

� ! � � $ (H),
� . � ��$ (V)

Angle resolution at 7 m 1.5 mrad
Angular acceptance at 5 m

� ��� ! $ (H),
� " ��� � $ (V)

Angle resolution at 5 m 2 mrad
Electron energy resolution � */� �

� 
��������

While the gas 
 Lucite
��

erenkov hodoscope sector will be located at & � cm away from the target as in
the SANE experiment, the calorimeter sector of the BETA will be positioned at different distances for the
two

���
measurements. For

�5��� ��� ��� (GeV/c)
�
, the electron scattering angle is small so the calorimeter

will be pulled back to 7 m away from the target to minimize the beam-line noise in the detector and to
achieve a better resolution for electron’s scattering angle. For

� ��� � � � � (GeV/c)
�
, the total uncertainty

in the asymmetry is dominated by statistics and the electrons have wider angular distribution than the
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Figure 11: The BETA detector with its gas
��

erenkov , Lucite
��

erenkov , and calorimeter sections.

protons, we therefore place the calorimeter at 5 m away from the target to increase the counting rate while
keeping a reasonable beam-line noise.

The BETA detector can be calibrated using the ��� mass spectrum. This technique has been used
in other experiments such as the RadPhi experiment (E94-016) [42] at CLAS and E852 at Brookhaven
which employed a large calorimeter [43]. The gain monitoring system will be designed and constructed
at UVa [44] for SANE based on the gain monitoring system that they successfully implemented for the
RadPhi experiment.

The singles rates in the BETA detector have been calculated using a GEANT3-based simulation, as
listed in Table 3. To estimate the effect of singles events on the measured asymmetries, we studied in
the GEANT simulation the singles rate with analysis cuts in

�1�
and

�
applied. Figure 12 shows the

�

spectrum reconstructed from energy deposit in the calorimeter for electrons (black) and pions (red, green
and blue). The pion yields in the figure are already suppressed by an off-line rejection factor of 1000 from
the

��
erenkov detector. Only a small fraction of singles electron events survive the

� �
and

�
cuts, and

the single pion rate is negligible within the
�

region of interest ( � � . � � � " � " GeV
�
). The singles

electron rate that will go into the final data analysis is no more than " Hz for
�/� � ��� ��� and � � � Hz

for
� � � � � � � . In Section 4.6 we will discuss about the effect on the measured asymmetry caused by

accidental coincidence events between the two detectors.

3.5 The Scintillator Array

In order to precisely measure the asymmetry of elastic events, it is necessary to suppress the quasi-elastic
events and other background. This can be accomplished by detecting the protons simultaneously with the
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Table 3: Singles rate (kHz) in the BETA detector.
��

erenkov trigger rate is (
��

erenkov � � ��� rate + � � � �
rate � " �)� where " �)� is the on-line

��
erenkov pion rejection factor); Singles rate in the Calorimeter are

given for 1 GeV threshold; Calorimeter trigger rate is the sum of � � � � , � � � � and � � � � rates; “BETA
True” is the true coincidence rate of

��
erenkov and Calorimeter; “BETA Accd” is the accidental coinci-

dence rate of
��

erenkov and Calorimeter.

���
(GeV/c)

� ��
erenkov Calorimeter BETA� � ��� � � � � trigger � � ��� � � � � � � � � trigger True Accd��� ��� 0.30 166.03 1.96 0.27 0.99 12.70 13.97 0.28 0.01� � � � 0.60 210.72 2.71 0.07 0.22 3.47 3.77 0.08 0.00

Figure 12: Reconstructed
�

spectrum from the BETA for � � (black), � � (red), � � (green) and � � (blue).
Vertical axis is in arbitrary unit. A

� �
cut

� � �
�
��� � � � � � � (GeV/c)

�
was used in this figure. The pion

yields are already suppressed by an off-line rejection factor of 1000 from the
��

erenkov detector.
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electrons and identifying elastic events by co-planarity conditions. For the proposed measurement we plan
to use a scintillator array (SC) which consists three planes – one veto plane made by 15 ")" cm � "%��! � � �" � � cm thin scintillators (paddles), and two planes made by 16 " � cm � " � cm � " � � cm thick scintillators
(bars). The bars in the first plane will be oriented horizontally and those in the second plane will be
arranged vertically. All scintillators will be provided by the UVa group of the collaboration. The thick
bars are currently being used for the large neutron detector array for the Hall A � �� experiment E02-
013 [45].

While protons deposit energy in the scintillators via minimal ionization, neutral particles lose energy
via hadronic processes and give much smaller energy deposit. Therefore by using the energy deposit in
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the thin veto plane, one can separate protons from neutrons and other neutral particles. In a 20-cm thick
plastic (the two thick planes), most of " ��� (GeV/c) protons deposit

6 � � MeV energy, which makes
it possible to suppress the background in the SC by applying a high threshold (20-25 MeV). A " -cm
thick sheet of lead will be placed in front of the scintillator array to shield the low energy particles. The
electronics can be borrowed from the Hall A collaboration. A movable stand to hold the scintillator array
and the lead shield exists (Hall C). Small modifications to the stand will be needed to put the scintillator
array above the horizontal plane.

A GEANT3-based simulation was performed to estimate the proton detection efficiency of the SC.
With a 0.8 MeV threshold on the vetoes and a 35 MeV threshold on the bars, the probability of detecting
a proton with signals that exceed these thresholds is 98.6% for protons in the 2-3 GeV/c range aimed
straight at the center of the detector.

The singles rates in the SC were calculated in the same GEANT3-based simulation. The results are
given in Table 4. We have also estimated the singles rate based on the test-run results performed for the
approved high

�5� � �� experiment E02-013 in Hall A [46]. In that test-run, a neutron detector prototype
made of ! (width) � � (depth) " � cm � " � cm � " � � cm bars (thick bars) was placed at � � $ and 8.3 m away
from the target; there were � ” lead shield and two veto planes in front of the thick bar planes; iron
converters were used both in front of the veto planes and between the thick bar planes to increase the
energy deposit in the bars. The prototype was enclosed by a 1”-thick stainless steel box. The beam energy
was

�#� � � & GeV and the current was � , A. The target was 50 mg/cm
�

BeO plus 700 mg/cm
� � �

C (or
0.0172 radiation length total). The singles rate from the whole prototype was 150 KHz with a 40 MeVee
threshold applied to the sum of 5 layers of bars, as shown in Fig. 13. No cut was applied on the veto
signal. We will use this number for our singles rate estimation because applying a 40 MeV threshold on
the energy deposit in 5 layers of bars is roughly equivalent to applying a 20 MeV threshold on 2 layers
of bars. We scale this rate by the ratio of the target thickness ( " � � g/cm

�
for the NH  target), the ratio of

the beam current &�� nA/5 , A, the front area of the detector " � bars/ ! bars, and the square of one over the
drift distance from the target. Also take into account the fact that the NH  target field will increase the
background by a factor of � � � (

�
will be used in the following); and assume that the angular dependence

of the rate follows the Mott cross section, of which the "���� ���
� 
�� � � � dependence adds another factor of �

than a uniform distribution. We obtain �
� �)� KHz for the total singles rate in our entire detector for the����� � � � � (GeV/c)

�
kinematics, of which up to ( � * comes from the vertically oriented bar closest to the

beamline. We did not correct for the beam energy but this will not effect the estimate much because most
of particles deposit energy in the scintillators through minimal ionization. Note that all the background
suppression strategies, including lead shield between the detector and the beamline, and the stainless steel
box used during the � �� test-run, can be used for the proposed measurement. Not all of them were not
used in the GEANT3 simulation, which may explains why the estimate based on the � �� test-run results
is lower than that from the GEANT3 simulation. It should also be mentioned that we keep standing on
the safe side in the procedure described above, furthermore we did not correct for the iron converters used
in the test-run, which can only give a higher estimate for the rate, so this result should provide a rather
conservative estimate for the real singles rate in the SC if all the shieldings are implemented.

Overall, we estimate that in the worst case, the singles rate is
� � �)� KHz from the whole detector,

and
�7� � � KHz from a single bar, which is not too high to handle.

For the proposed measurement, the triggering will be provided by the BETA. Each trigger will open a
60 ns window to collect signals from the SC. At a singles rate of 500 KHz, signal pileup in the SC might
effect the measured asymmetry. At 500 KHz, the chance of having another particle in a 60 ns windows
after the first event is 3%. Since the scintillator is segmented vertically, the average pileup possibility of a
single scintillator bar is 0.2%. The uncertainty in the measured asymmetry due to pileup in the scintillators
will be discussed in Section 4.8.
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Table 4: Singles rate (kHz) in the Scintillator array. Thresholds for the veto and the bars trigger rates are
0.8 MeV and 20 MeV, respectively.

���
(GeV/c)

�
Raw Veto Bars Both� � ��� � � � � � � � � trigger trigger trigger��� ��� 0.64 244.41 866.38 801.54 761.98 688.67� � � � 0.57 277.95 945.05 964.48 924.23 844.92

3.6 Acceptance Matching and the Effect of the Target

The target has two effects on the scintillator and the BETA detector: Firstly, the large Helmholtz coils will
block scattered particles and reduce the effective acceptance to about half of the naive value. Secondly,
the target 5 T field will bend scattered particles slightly. This will cause a tilt of the scattering plane. The
direct effects are that the target spin azimuthal angle �

���� � . For the proposed kinematics, the bending
angle for electrons are " � � $ and

��� � $ (bent down, towards the floor) and for protons are ! � & $ and
��� !�& $

(bent up, towards the ceiling), for
�5� � �#� �)� and � � � � (GeV/c)

�
, respectively. Figure 14 shows elastic

event distribution in the two detectors. To center the tilted scattering plane at the center of BETA, the
BETA needs to be lowered by " � cm (

� " cm) for
�1�9� ��� ��� ( � � � � ) (GeV/c)

�
. Consequently, to match

the angular acceptance of BETA, the scintillator array will be placed higher than the horizontal plane by! � cm (
� � � � cm) for

�5��� ��� ��� ( � � � � ) (GeV/c)
�
.

Figure 13: Test-run results for the singles rate of a neutron detector prototype. The test-run was performed
in Hall A for the approved experiment E02-013. See text for details of the test-run conditions.
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Figure 14: Angular distribution of elastic scattering events in the BETA (left) and the scintillator array
(right) for

�5�����#� �)� (top) and � � � � (GeV/c)
�

(bottom). The BETA will be lowered by " � cm (
� " cm) for��� � �#� �)� ( � � � � ) (GeV/c)

�
, which corresponds to an out-of-plane angle of " � � $ (

��� � $ ). The scintillator
array will be placed higher than the horizontal plane by ! � cm (

� � � � cm) for
� � � ��� ��� ( � � � � ) (GeV/c)

�
,

corresponding to an out-of-plane angle of ! � & $ (
��� �)$ ). The boundaries of two detectors’ acceptance are

shown by red lines. Dashed lines show the center of the detectors.

3.7 Data Analysis

The physics asymmetries can be extracted from the raw asymmetries as� � �������	��

�������������� ��� ��� �����! (1)

where
� �"� ���#�%$'&)(

and
� � �������#$!&)(

are the beam and target polarizations,
 

is the target dilution
factor and

�����
is a correction factor due to the asymmetry of quasi-elastic scattering electrons from the

nitrogen in *,+.-�/�0 (see Section 4.5 for the uncertainty of this correction).

The error in the asymmetry
�

is12� � 3
4 12� ����� � � � �65�798 � 7�: � 1 �;�� � � 7 8 � 1 �<�� � � 7 8 � 1   � 7�=?> *�@ 7�A (2)

B
CEDGF 12�������H� 
I J A (3)
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where � is total number of events. The ratio ��� � ����� � is extracted using Eq. (16) and its uncertainty from
Eq. (17) of Appendix A. Detailed formulas for the error propagation from other error sources are given in
Appendices A and B.

4 Expected Uncertainties and Rate Estimation

In this section we first list all uncertainty sources. Then we calculate the rate, the expected total uncer-
tainties on , �:� � ����� � and the beam time.

4.1 Experimental Systematics

We estimate the uncertainty in the beam polarization to be " � ��* and the target polarization has � � � *
uncertainty. Other error sources include those from the target spin angle, beam energy +

�
�
� � � �" � � � [37], BETA momentum resolution +

� � � � � � � *9� �
� ��� � � ������� and angle resolution + � �

� � � mrad [41]. Formula for error propagation from these experimental systematics to , �5� � ����� � are
given in Appendix B. The largest systematic uncertainty comes from the error in the measurement of the
target polarization.

4.2 Beam Charge Asymmetry

The beam charge is measured by the beam current monitor (BCM). The overall uncertainty in the BCM
is about � * . However the uncertainty in the beam charge asymmetry is expected to be much smaller
than this value. In Ref. [47], the uncertainty on the beam charge asymmetry comes from (1) "%* from
calibration offset; (2) 50 ppm from noise in the BCM signal; (3) � � � * from the stability of the offset;
and (4) � " � ppm from non-linearity for & � nA current. The uncertainty on , ��� � ����� � due to beam
charge asymmetry is about half of the error due to the target polarization (the latter is the dominant term
of systematic uncertainties).

4.3 Target Polarization

Target polarization can be measured to � � � * using NMR, as mentioned in Section 3.3. To minimize the
uncertainty on the target polarization, we will perform additional thermal equilibrium (TE) calibration(s)
opportunistically during the experiment, i.e. everytime when the beam is expected to be down for more
than

�
hours. TE calibration should be performed with the hall closed.

4.4 Target Dilution Factor

The dilution factor is due to the quasi-elastic (QE) events from nitrogen in NH  and from other material
listed in Table 1. A cut in the reconstructed invariant mass

�
will be used to select elastic events.

Coplanary conditions will be used to suppress QE events – the measured energy and angle of scattered
electrons will be used to calculate the proton scattering angle; then the results will be compared with the
proton angle measured by the scintillator array. Figure 15 shows the difference between expected and
measured proton scattering angles, for elastic events (red) and QE events (blue), and for both horizontal
(in-plane) and vertical (out-of-plane) components. Cuts in the proton angle in both directions will be used
in the analysis.

Figure 16 shows
�

spectra for simulated elastic events (red) and quasi-elastic events (green) for " mC
beam charge. The dilution factor is defined as
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Figure 15: Expected spectra on the scattered proton’s in-plane angle � ��� � � � � � ��� � �
� �
� �����	��
 �	���

�
�
� � �

� �
� ���

and out-of-plane angle � � � � ��� � � � � � ��� �
� ��� �	��
 �	���

�
� � � ��� �

� � �
for the proposed measurements at

�1� ���� ��� (left) and � � � � (GeV/c)
�

(right). The red is for elastic, the black is for a Gaussian fit to the elastic peak,
and the blue is for quasi-elastic events. A cut � � & � � � " � � (GeV) was applied. Cuts

� � � � � � � �
� � � � � !)!

and
� � � � � ��� �

� � � � � !�! will be used to suppress the quasi-elastic events.

� � � �
� � 
 ����� (4)

where � � and � ��� are, respectively, yield of � � � elastic events and quasi-elastic events from
���

N and
other target material. We use

� � � � ( as a conservative estimate for all three kinematics in the rate and
uncertainty estimation.

We will take data on carbon disks and He with approximately the same geometry as the NH  cell
to measure the quasi-elastic cross sections, from which the dilution factor can be calculated. In E01-
006 [39], the dilution factor is expected to be determined to an accuracy of 
 � � � � � � * over the final state
invariant mass range � � . � � � " � � GeV. We expect to achieve a � � � * uncertainty at the elastic peak.
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Figure 16: Expected invariant mass
�

spectra for the proposed measurements at
� � � �#� �)� (top) and� � � � (GeV/c)

�
(bottom). Simulations were performed using SIMC with subroutines specially written for

the BETA and the scintillator array. Quasi-elastic events from
���

N and
�
He were simulated using the

� �
C

spectral function in the independent particle shell model (IPSM) and all other material were using the
���

Fe
IPSM spectral function. The red shows the distribution for elastic events and the green for quasi-elastic
events. Black lines show

�
-cuts used to estimate elastic rate and dilution factor

�
.

4.5 Nitrogen Asymmetry

The nitrogen in
���

NH  is polarized and will contribute to the asymmetry. In the shell model, the
���

N
nucleus has one unpaired proton which can be polarized. The polarization of the unpaired proton in

���
N

is reduced from that of a free proton by several factors. First, the nitrogen in
���

N is polarized up to only"%� � of the proton, based on the Equal Spin Temperature (EST) hypothesis. Figure 17 shows data from
Paul Scherrer Institute (PSI) in Switzerland and from SLAC experiments E143 and E155x, compared
with EST predictions. Secondly, the proton in a polarized

���
N is only polarized to a certain amount.

This quantity, called the effective nucleon polarization, has been estimated in two ways. In a model
independent method [48, 49],

�
� ������� � � � � � � based on isospin symmetry and data from beta decay

of the mirror nucleus
���

O. In the shell model, the proton in
���

N is aligned anti-parallel to the nuclear
spin "%� � of the time, hence

�
� � ��� �

�
� � � �)� . Overall, the polarization of the unpaired proton is at most
 � � � � 
 � � �)� � �7"%� � � �

� � � � � ( 
 � � � ��� � � . In addition, only about "%� " � of
���

N quasi-elastic (QE)
events are from the � � � � proton, and not all the QE events are from the

���
N. The fraction of

���
N to total

QE events is about � � � , which can be calculated from the packing factor measured using carbon disks
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Figure 17: Polarization of nitrogen
� � in

���
NH  vs. proton polarization

�
� measured at PSI and dur-

ing SLAC experiments E143 and E155x. The solid curve represents the prediction in the Equal Spin
Temperature (EST) hypothesis and the dashed curve is a fit to world data.
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and
�
He as in E01-006 [39]. Also, there are three protons in

��� ���  . The correction to the measured
asymmetry �QP due to nitrogen is therefore

� P � � � � 

"� �� 
 " � � �

"%� � � � �����
� � � �

R " 
 
 � � ���)� ��! 
 � � �)��� & � � " �
�

� S (5)

� �
� � P� R " � 
 � � �)��� � � � � � �)���)� � � S �)T � � � � ( (6)

Compared to the usually used � �VUXWY , we need to apply a � � � � � * correction with
� � � ��� � * uncertainty

for both
���

points.

4.6 Background

For our measurement the main background comes from the quasi-elastic scattering from nitrogen and
materials on the beam path. This part was discussed in the last section. Here we discuss about the effect
from accidental coincidence events between the two detectors. In Section 3.4 we gave the singles rate of
electrons and pions and estimated the rate that would pass analysis cuts in

�/�
and

�
. We found that at

most " 
 � � � � Hz of accidental electrons will survive the
� �

and the
�

cuts at
�5��� �#� �)� 
 � � � � � (GeV/c)

�
.

In Section 3.5 we gave the singles rate in the scintillator array (SC). From Fig. 15 the reconstructed
proton angles (inp and oop) have a full width of � � � � � rad, which corresponds to � � � bar width
(in vertical direction), or � � � timing resolution of one bar (in horizontal direction). Therefore by
using co-planarity conditions we have a rejection factor of �

�
(v) �

�
(h)
� . for the singles events in

the SC. With a coincidence timing window of � ns for offline analysis, the accidental coincidence rate
is " MHz � � ns � " Hz/9

� � � ���)� ��� and " MHz �
�
ns � � � � Hz � . � � � ���)� � Hz. Compared with the elastic

rate 0.394 and 0.019 Hz in Table 5, and assuming that the asymmetry of the background is zero, the
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accidentals will cause an extra
� "%* dilution effect to the measured asymmetry. To make sure that the

data from carbon disks and He have the same dilution effect from accidentals as the polarized target runs,
the carbon and He runs should be taken with the same luminosity as the NH  runs.

4.7 Electromagnetic Radiative Corrections

We discuss here electromagnetic radiative corrections besides possible large corrections from the two-
photon exchange process. The “traditional” radiative corrections can be calculated using Mo and Tsai’s
formalism [20] and the uncertainty of the correction to elastic asymmetries is negligible.

4.8 Deadtime Correction

The total coincidence rate of our proposed measurement is very low, a few tens of Hz, hence the elec-
tronic dead time comes mainly from events pileup in the scintillators (SC). In Section 3.5 we showed that
the possibility to have two-events pileup in the scintillators (SC) is about 0.2%. Assuming there is 1%
difference in the SC singles rate between two beam helicity states, the pileup will cause a � � � * relative
loss and a � � � * � "%*9� � � " � ppm offset to the measured asymmetry. To study the � � � * correction to the
asymmetry, we plan to do a few hours’ rate studies during commissioning, perform measurement from
60 nA to about 120 nA, and extrapolate to zero rate. Here the minimum current is limited by what the
MCC can control and the maximum current is determined by how much the target can take. The angular
dependence of the deadtime will also be studied and taken into account in the analysis Computer deadtime
can be measured by triggers and the uncertainty is determined by the statistics of each run. We require a
run to have at least 1M events. Overall, a conservative estimate for the uncertainty in the asymmetry due
to deadtime correction is no larger than � � � %.

4.9 Optimization of Kinematics

We optimize the kinematics based on the following conditions:

� For a given
�5�

, the rate is maximized by varying beam energy and scattering angle;

� For given
���

and beam energy, the total uncertainty of , ��� ������� � is minimized by varying target
spin angle;

� Target coils do not interfere with either beam-line or the central trajectories of scattered electrons
and protons. A 0.5 cm clearance is required between coils and the outer edge of the beam. Loss in
the acceptance due to possible partial blocking of the scattered particles’ trajectory is estimated in
the simulation.

Results are shown in Fig. 18 and 19. We choose to use a � � �)� � GeV beam. Target spin will be pointing to
the left and aligned at !#"�$ and & � $ w.r.t the beam-line.

4.10 Summary of Rate and Expected Uncertainties

We use the Bosted fit [51] for �:� � and ��� � to calculate the elastic � � � cross section. Using a
�

cm
target cell and & � nA beam current the luminosity available is & � � � " �  � cm

�
/s. The expected results are

shown in Fig. 20. Kinematics, rates and expected uncertainties for the proposed measurements are given
in Table 5, where
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Figure 18: Expected total uncertainties of , ��� � ����� � vs. target spin angle for

� � � � ��� � GeV and fixed
beam time, ")" . � � and � ��! � " hours for

� � � ��� ��� and � � � � (GeV/c)
�
, respectively. Here negative spin

angle means the target spin is pointing to the left of beam-line. Red/blue/green boxes show the inter-
ference between coils and beam-line/ scattered electrons/ scattered protons. Red stars show the selected
kinematics.

Figure 19: Expected total uncertainties of , ��� � ����� � vs. beam energy for fixed beam time, ")" . � � and

� ��! � " hours for
�5�5� �#� �)� and � � � � (GeV/c)

�
, respectively. Red stars show the beam energy needed by

the proposed measurement.

�
�

is beam energy;
� � � and

� � are the nominal angle and momentum of scattered electrons of the
�/�

range of interest;
� � � and � � are the nominal angle and momentum of scattered protons; only the angle will be detected.
� � � and �

�
are the polar and azimuthal angles of target spin;

� � ���
and � ��� � � ��� �	���

are elastic asymmetries calculated from Hall A polarization transfer (PT) fit and
Bosted fit, respectively;

� �����	� is expected measured asymmetry using PT fit;
� � �	� �

is total number of events under the elastic peak, � �	� � � � ��� � �	� � � � ;
� Systematic uncertainty on asymmetries including " � � * from beam polarization, � � ��* from target

26



polarization, � � � * from target dilution factor, � " � � * from charge asymmetry, � � � � * from QE events
from nitrogen, and � � � * from deadtime correction.

� rates from simulation take into account the loss in acceptance due to target coil blocking.
� coplanary conditions were included in the rate and dilution estimation.

Table 5: Kinematics, rate and expected uncertainties for the proposed measurements.

� �
(GeV/c)

� ��� ��� � � � ��
(GeV) � � �)� � � � �)� �� � � � � � � $ �)�#� � � $� � (GeV)

��� &�! ( � � � � &� �
�)�#� � ! $ � �#� ��� $� � (GeV/c) � � ! ( " ��� & �).� � ()( � � ! $ " � ��� �)� $� � � � � � $ " � ! (�$

� ���
� � � �)� � � � " �).� � � � � � � � ( . ( � � � � � &
 � ��� � � ��� �	���

� � ��� � �	� ��� � ! � &�& * � " � � � � � *
� (nb/sr) � � ! � " � � �)�).
elastic rate (simulation, Hz) � � � . ! � � � " .
total rate (el rate � � , Hz) � � � ��� � � � � (� �	� � � ! � � � � �
Uncertainty on asymmetries
Statistical � � ��!�& * " � � ! ��� *
Systematic

�#� ! " & * ��� !#" & *
Total ! � � �)� * " � � . � � *
Uncertainty on , �:� � ����� �+ � � � � P � � � � � P � " � � * � � � � " . � � � " � �+ � � � ���)� � � � ��� � � � � * � � � ��. � � � � " � �
Target dilution + � � � � � � ��* � � � �). � � � � " � �
Beam charge asymmetry � � � " ��� � � �)� & (
Nitrogen asymmetry � � �)�)��� � � �)���)�
Deadtime correction � � �)� �). � � �)� " !+
�
�
� � � � " � � � � � �)�)� " � � �)��� !+

� � � � � � ��*9� �
� � 
 � ��� � � � � " � � � � � !�!)!+ � � � � � � mrad (7m) � � �)� ��&+ � � � �

mrad (5m) � � � ")" &
Target spin orientation (inp) � � "%$ � � �)� � � � � �)� � &
Target spin orientation (oop) � � "�$ � � �)�)��� � � �)���)�
Total syst. � � � � " � � � � � �)�
Total stat. � � � � ( � � � � &�!�!
Beam time (hours) ")" . � � � ��! � "
Expected , �:� � ����� � � � ��& . � � � (�(
Total uncertainty + 
 , � � ����� � � � � � � � �)� � � � ��.).
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Figure 20: Expected results and full uncertainties of the proposed measurements (red solid circles) along
with world data. Curves are from the Bosted parameterization (solid) [51], a fit to the Hall A polarization
transfer results (dashed) [13] and Arrington’s global fit to the cross section data (dash-dotted) [15].
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5 Beam Time Request

Our beam time request is given in Table 6. We ask for "%( PAC days for production data taking, target
dilution factor measurement, M � ller and arc measurements. We ask for

�
PAC days overhead time for one

beam pass change and target work. If this experiment can run immediately before or after the approved
E03-109 [41], then no additional time for target and the BETA installations will be needed.

Table 6: Detector settings, total beam time and overhead time for the proposed measurements.

�5�
(GeV/c)

� ��� ��� � � � ��
(GeV) � � ��� � � � ��� �

BETA (calo) drift distance ( m � m
BETA central inp angle � ! � � $ � � � ��$
BETA central oop angle � " � � $ ( � " � cm) �

��� � $ ( �
� " cm)

SC drift distance � m � m
SC central inp angle

� ��$ �). $
SC central oop angle ! � & $ ( ! � cm)

��� �)$ (
� � cm)

Production time ")" . � � � ��! � "
carbon and helium runs

� " �
M � ller measurement ! .
arc measurement !
Total beam time (PAC hours) ! � &
BETA and SC coincidence commissioning 64
BETA and SC configuration change 48
Target field rotation � 24
Target field survey 10
Target anneal 78
Two target insert changes 46
Total overhead (clock hours) � ! �

� target field rotation can be performed partly at the same time as BETA and SC configuration change

6 Comparison to PR04-014

The PAC-25 report [53] on PR04-014 is given in Appendix C. While the physics motivation of the
proposed measurement remains the same, the experimental setup has been changed completely. With
the new coincidence setup of two large acceptance detectors, the

� �
range proposed here is significantly

higher than that in PR04-014.

7 Summary

We propose to make measurements of ��� ������� � via the asymmetry in doubly polarized elastic 	��
 	� 
3��� �4�
scattering at

�5� � ��� ��� and � � � � (GeV/c)
�
. Assuming ()��* beam polarization and & � nA current, we

request "%( days of beam time and
�

days overhead. The proposed measurement will provide the first data
for ��� � ����� � from the 	��
 	� 
3�%� � � asymmetry method in intermediate

�1�
range with good precision. This
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new method is expected to be less sensitive to two-photon exchange contributions than the Rosenbluth
separation technique, and it does not suffer from the same systematic uncertainties as previous polarization
transfer measurements. These data will provide an important check on the polarization transfer results.
When combined with the recent check on the Rosenbluth separation results, the new data will either
confirm that two-photon exchange or other missing physics is a necessary ingredient in future calculations,
or they will point to a possible systematic error in prior experimental techniques.

A Doubly Polarized Elastic Scattering

For elastic scattering the unpolarized cross section is given byR�� � ������ � � S � �
� �
� �� R � �� 
 � � � �

" 
 � 
 � � � � ���	� � � 
 � � � � S 
 (7)

where
�5��� !

� � � � ��� � 
 � � � � , � � ��� � 
 !
� � � , the energy of scattered electrons is

� � � � ��
 "�
 � �� � ���
� 
 � � � �
� ,�

is the nucleon mass,

�
is the beam energy and � is the electron scattering angle. The Mott cross section

is

� � � R�� ���� S � � � � � � ����� � ����
!
� � � � � � �� � (8)

The momentum and the angle of the scattered protons are

� � � � � � 
�� � �� ��� � � � � (9)���
� � �

� 
 � 

� ��� � � 
 � �� �

� �
�

� �
� �
� �

(10)

For the case of polarized electrons scattering off a polarized nucleon target, the cross section difference
between opposite electron helicity states is given by [52]

"
� 
 � � � � � � �

� � � �
� �� � �

" 
 � �	� � �

��� � � � " 
 
 " 
 � � ��� � � �

�
� ���

� �
� � � �


 � � � � � ��� � � � � � � � � 
 (11)

where the superscript
�

denotes the helicity of the incident electrons, ��! and �"! are the polar and the
azimuthal angles of the target spin direction as shown in Fig. 21. The asymmetry is

� � � � � �
�

� � 
 � �

�
�
� � #� � # ��� � ��"$ � � � " 
 
 " 
 � � �	� � � �� � ��� � � � � � � 
 � � � � � ��� � � � � � � �&%

� �� 
 � � � �
" 
 � 
 � � � � �'��� � � 
�� � � � 
 (12)

Equation (12) can be written as

30



Figure 21: Polar and azimuthal angles of the target spin. Here 	� is the target spin, 	� is the three momentum
transfer. The �

�
axis is defined by 	� , � � axis is defined by 	� � 	� � with

�
(
� � ) the three momentum of the

incident and scattered electrons.

S

q

φ∗

z*

e

e’

θ

θ∗

y*

x*

� � �� � � � 
�� � � �� � � 
�� � � 
 (13)

where

� � ��
� � 
 " 
 � � �	� � �

� � ��� � � ��� � � � 
 (14)

� � � 
 � � 
 " 
 � � �	� � � �

� 
 �
���

� �
�

� � � � 
 " 
 � � �	� � �

�
� ��� " 
 
 " 
 � � ��� � � �

�
� � (15)

with � the measured elastic asymmetry. Therefore ratio � � ��� � can be calculated as

� �
� �

� "
� � � � � � � � � !��

� 
 (16)

the sign is kinematic dependent. The uncertainty due to the error in asymmetry is given by

+ � � �� � � � + �
�
���
R � �� � S R

� " � �	 � � � !
�
S � R � �� � S � �	 � � � !��

��� (17)

�
� ��� � � �� � �
�
�
�� � � � �� � �
�
� � 
 � 
 � � 
 " 
 � � ��� � � �� �

�

B Error Propogation of Systematic Uncertainties for
� � � ��� � �

The uncertainty in �:� � ����� � due to the uncertainty in asymmetry + � is given by Eq. (17) where + � is
from Eq. (2). In this appendix we give experimental systematics due to uncertainties in

�
,

� � , � , �
�

and
� � .

From Eq. (16) the uncertainty in � � ��� � due to the uncertainty in

�
is given by

+ � � �� � � � +
�
�
���
R � �� � S R

� " � �	 � � � !��
S � R � �� � S � �	 � � � !��

��� (18)
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the same equation stands for

� � , � , �
�

and �
�
. For

�
we have� �� � � � �� �

� �� � 
 � �� � ��� �� �
� �� � (19)

where

� �� � � "
� � � � 
 �

" 
 �
� 


� �� � � " 
 � 
 " 
 � � �	� � � �

� 

�	� � ��
� �

���
� �
� � � � 
 " 
 � � � " 
 
 " 
 � � �	� � � �

�
�




�
" 
 
 " 
 � � ��� � � ��

" 
 � 
 � ��� � �

�
� " 
 �
"�
 
 " 
 � � �	� � � �� �� � � � �� � � �� 
 (20)

For � we have � �� � � � �� � 
 � �� � � �� � 
 � �� � � � �� � 
 � �� � � �� � (21)

where � �� � �
� � �
�
� � � ��� � 
 � �� � � �

� ��� �

For

� � we have � �� � � � � �� �
� �� � � 
 � �� � � � � �� � � 
 � �� � � � � �� � � �� � � 
 � �� � � � � �� � � (22)

�
� ��� � � �� � � � �� � �
The target spin polar angle � � is determined by the field orientation and the proton scattering angle. The
target field direction can be measured to � � " $ and the uncertainty in the proton angle is determined by the
electron momentum +

� � � � � as� � �� � � � � � �� � � � 
 � 

� � �� � � 
�� �  � � � � � � � �

�
(23)
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