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1 Introduction

High-Q? structure of the nucleon is of great interest, partly because in that domain the QCD-based calcu-
lations are most accurate and analysis of the underlying physics could lead to understanding of the nature
of the QCD confinement and the dynamical generation of the nucleon mass [1]. Elastic electron-proton
scattering is a unique reaction for which a precision experiment could be performed up to very high mo-
mentum transfer. Existing data at high Q? [2] have large uncertainties (statistical and systematic), and also
have significant uncertainties related to two-photon exchange (TPE) effects and the contribution from G;.
This limits the ability to extract information on the Q2 dependence and also introduces uncertainty in the
knowledge of the elastic e—p cross sections at JLab kinematics. The uncertainty in the e—p cross section
yields a correlated uncertainty in determination of other form factors, FFs, Gz, G;I, and even G;, e.g. see
analysis [3, 4]. The precision measurements of these three FFs are based on the ratios to the GL form factor,
which is a scale factor defining the absolute values of other form factors.

The proposed measurements [5] will provide both higher precision values of the e—p cross section and
reduced dependence on uncertainties related to TPE and GZ. The accurate measurement of G’; , in combi-
nation with other form-factor experiments at high momentum transfer: E12-07-109 [6], E12-09-016 [7] and
E12-09-019 [8]; will allow determination of the Dirac and Pauli FFs and the nucleon charge densities in the
infinite momentum frame [9, 10, 11]. Flavor decomposition of the FFs will also be possible, which presents
another interesting way to evaluate the hadron structure.

2 The scientific case for the proposal

This experiment aims to measure the elastic electron-proton cross-section in the Q2 range from 7 to 17 GeV?
with high precision of less than 2%. Such measurement will cover a momentum transfer range of large
importance for many other studies possible with the upgraded CEBAF accelerator.

Recent understanding of GZ/ G; indicates that the extraction of Gf\; from SLAC measurements has sig-
nificant corrections that were not taken into account and that modify both the overall size and Q?-dependence
of G;. While future understanding of the high-Q? behavior of Gz/ Gf\; and two-photon exchange can be
used to improve extraction from the SLAC data [2], even the improved analysis of the SLAC results will
have several limitations compared with measurements proposed here.

e First, we will significantly improve the statistical and systematic uncertainties on the cross section
measurements.

e Second, because the measurement is at lower ¢, the contributions from G; and TPE are significantly
smaller than those for the large e SLAC data (where G; may be negative and large).

e Third, while there is still significant uncertainty in the two-photon exchange corrections at large Q?,
this contributes to the uncertainty in extracting G; , but does not increase the uncertainty in determin-
ing the e—p elastic cross section values needed by other high-Q? measurements at JLab.

The SLAC data, taken at significantly higher beam energies, would have to be extrapolated down to
lower € values to be used as input for JLab measurements, and this extrapolation would be affected by the
uncertainty in the two-photon exchange corrections. We will be measuring the cross sections at kinematics



where any TPE corrections will be very similar to what is seen in other experiments at JLab, thus minimizing
the extrapolation that relies on knowledge of the TPE effects. The projected results are shown in Fig. 1.
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Figure 1: Published world data for G’L /1pG p as a function of Q2. Uncertainties shown do not include the

effect of the normalization uncertainty, which is 3% on the Sill et al. cross sections [2], and projected to be
1-1.3% for the proposed measurements. Uncertainty related to two-photon effects is discussed in the text.
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We consider several interesting issues that motivate us to explore further the measurement of e—p elastic
cross section at JLab:

1. The form factor deviates significantly from the dipole fit, but to what extent is it consistent (or incon-
sistent) with the pQCD scaling prediction of a 1/Q* behavior?

2. What is the power of the Q2-dependence as a function of momentum, and how does the form factor
approach the pQCD limit?

3. How well can we directly constrain the proton’s GPDs, especially at high Q??
The specific physics goals of this experiment (see more in the full text of the proposal [5]) are as follows:

1. Provide a stringent test of the notion that the elastic form factors exhibit pQCD-like scaling behavior
at Q2 above 7-8 GeV?2.

2. Determine the form factor G; with accuracy several times higher than is known from existing data
obtained at SLAC.

3. Measure the cross section of e—p scattering at kinematics used in the JLab experiments to allow
accurate normalization or constraints needed in the extraction of GZ, GL and many other experiments.



3 The concept of the experiment

Elastic scattering of the 4.8-11 GeV electrons from the liquid hydrogen target will be used. The measurement
of the cross section will be done by detection of the elastically scattered electrons in two HRS spectrometers.
These spectrometers could be used for electron momenta up to 4.3 GeV (Left HRS) and 3.2 GeV (Right
HRS), which is small compared with the maximum beam energy. However, after the energy Q*/2M,, is
transferred to the recoiling proton, the electron energy will be within the reach of the spectrometer.

High precision measurements of the beam energy, the beam current, the target density, the spectrometer
central angle, and the solid angle and the accurate knowledge of the trigger efficiency, the DAQ dead time,
and the reconstruction efficiency, are all required for this experiment.

The formalism In one-photon exchange approximation, the differential cross section for elastic e—p scat-
tering written in terms of the Sachs electromagnetic form factors is expressed as
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with 7 = Q?/4M?2, and € = [1 + 2(1 + 7) tan?(6/2)] L.

These form factors have been extracted in Rosenbluth separation experiments. The phenomenological
theory of e—p elastic scattering, which includes the two-photon exchange, was recently developed [3]. Its
result for the cross-section is
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where v = 2M,,7 is the energy transfer. The modified form factors @;j, G‘; and an additional function F
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the size of the two-photon exchange term. The expectation is that Y5, ~ o ~ 1/137.
These equations demonstrate that linear e-dependence is not unique signature of the one-photon ex-
change. However, the interpolation of the reduced form factor to ¢ = 0 allows us to extract the modified
magnetic form factor |C~¥fw |. The difference between the Born-level magnetic FF and the modified magnetic

are the complex functions of two variables v and Q2. The ratio Yo (v, Q) =R ( ) sets a scale for

FF C:’fw could be estimated using a global analysis of the elastic scattering data including the measurement
of the cross-section ratio e™—p and e~ —p, e.g. see Ref. [4].

The experimental considerations The Hall A instrumentation [12] for the beam energy, the beam po-
sition and the beam current measurements is already sufficient for performing this experiment (after the
planned modification of the beam line for the 11-GeV operation). The 20-cm liquid hydrogen target is a part
of the standard equipment used in several experiments. The study of that target at a high intensity electron
beam has been performed one more time for recent HAPPEX-III. The high efficiency of the detector on the
trigger level will be obtained as usual by means of the redundant triggers.

The track analysis of the HRS data has significant (a few percent) inefficiency, see e.g. [13], which could
be an important concern for the sub-percent accuracy level required in the present experiment. An additional
wire chamber is needed to insure solution of such a problem. The measurement of the central angle of the
spectrometer is a second item for which we have planned improvement. The next section presents new
solutions for both items above, which are much simpler than in our original proposal.

4 Technical progress toward realizing the experiment

This experiment is based on existing equipment. However, to reach desirable accuracy, the experiment
requires some improvements in the measurement of the HRS angle and the HRS tracking system.
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The measurement of the HRS central angle The original proposal suggested constructing a PAM device
equipped with silicon MSDs and several wire scanners. The plan for the angle measurement was recently
re-defined and is now based on simpler equipment as follows: The single hole collimators will be manually
mounted on the HRS entrance flanges during study of the spectrometer optics and measurement of the
central angles.

The layout of the precision wire-target positioning mechanism is shown in Fig. 2. The swinging arm will
be mounted inside the scattering chamber. It will allow us to bring a single-wire target to the beam when the
cryogenic target is lifted up. The coordinate of such a wire-target will be defined by the position of the stop
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Figure 2: The top view of the scattering chamber with the wire target on the swinging arm.

bar and is expected to be reproducible on the level of 20 ym. It is limited only by the temperature stability
of the scattering chamber which will be actively stabilized by means of the external heaters and will be
measured on the level of 1°K. The available portable Coordinate Measuring Machine (CMM) will be used
for measurement of the coordinates of the collimators and the wire-target before the pumping out of the
scattering chamber. The changes of the external coordinates will be monitored via CMM during pumping
and following cool-down of the cryotarget. We expect accuracy of 0.1 mrad for the angle of the central
hole in the HRS collimator.

The additional wire chamber in the HRS detector package The original proposal suggested installing
a third VDC chamber in the HRS detector package because the existing package has only two chambers
and a significant fraction of the events could not be reconstructed (a few percent). An additional chamber
will allow us to reduce a number of non-reconstructed events by a factor of 10 and insure an accurate
measurement of the absolute cross section. Even though the required VDCs are available, we would like to
modify that plan. The front chambers of the focal plane polarimeter could be used instead. These chambers
are already installed and used in the Left HRS. For the proposed experiment one of them needs to be moved
to the Right HRS, which will be easy to do. Figure 3 shows the proposed arrangement of the detector
package.

S PAC32 report issues

There are two issues identified by PAC32, both related to the two-photon exchange, TPE, effects:
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Figure 3: The HRS detector package with three existing wire chambers (two VDCs and FPP(1)).

First, PAC32 had suggested making additional measurements (two-three € values) at low Q2, if such
measurements require a moderate additional beam time. We agree that the experimental constraint on the
TPE contribution to the cross section provides a very valuable information for estimation of the accuracy of
the Born-level G; form factor. This will be easy to realize if the non-standard beam energies are available.
We have added 10 hours of 4.8 GeV beam and of 36 hours of 5.8 GeV beam. (see Table 1).

Second, PAC32 pointed out that the proposal should include a complete evaluation of the uncertainties
in the G; measurement: more complete treatment of radiative corrections, including both the standard
radiative corrections and the TPE corrections. The next section presents a discussion of TPE physics.

5.1 The status of the two-photon effects investigation

A general formalism for the cross section of elastic electron-nucleon scattering beyond one-photon exchange
approximation was formulated in Ref. [3]. The absolute value of the modified magnetic form factor, |CNJL l,
could be measured by means of the well known Rosenbluth separation method via interpolation of the
reduced form factor to the value e = 0. Then the Born-level magnetic form factor, GL, could be determined
by applying a correction, whose size is on the order of a few percent. Several calculations of the two-
photon effects in the electron-proton case have been performed in the last few years: the hadronic (elastic)
contribution in Ref. [15], the partonic GPD-based in Ref. [16], and in pQCD framework [17]. Currently
the size of this correction has significant uncertainty. However, the uncertainty level is below 2% of the full
value of Gf\;.

On the experimental side, the investigation of TPE has also made a significant progress. The first direct
measurement of the two-photon exchange contribution to the recoil polarization Gg/ GL measurement at
2.5 GeV? shows no evidence for effects beyond the Born approximation in the polarization measurements at
a percent level [14] (see more in the update for E12-07-109 experiment). The analysis and global fit of the
experimental data in Ref. [4] made the first extraction of the TPE amplitudes. The extracted values are found
to be consistent with theoretical expectations [3]. Measurements completed a few days ago at VEPP-3 will
improve our knowledge of the ratio o(e*p)/o(e”p) by a factor of 3-4. Several other experiments with the
positron beam are under preparation, including one at JLab Hall B.



5.2 The ordinary radiative corrections

The theory of the standard radiative corrections is well developed for the soft photon case, which is appli-
cable to the present experiment, where the scattered electron will be detected in a high resolution magnetic
spectrometer. Acceptance of the HRS spectrometer is about 9%, which allows us to register at least 5% of
the scattered electron energy spectra. The corresponding radiative correction is on the order of 25% for the
maximum value of Q2. High resolution of HRS and small energy spread in the incident beam allow us to
check the correction by changing the value of cut-off, w4,/ F, from 0.5% to 5%.

6 Proposed measurements update

We propose to measure the proton elastic cross section and use these data to extract Gf/[ over the Q? range
of 7-17 GeV2. At beam energies of 6.6 GeV, 8.8 GeV, 11.0 GeV and two non-standard beam energy values
added per PAC32 suggestion, both Hall A High Resolution spectrometers (HRSs) will be primarily in a
symmetric configuration in electron detector mode to double the counting statistics and provide a means for
additional systematic checks. The technical details of the HRSs can be found in Ref. [12]. A beam current
of 80 yA combined with a 20-cm target with a density of 4.3x 10?2 protons/cm?® (0.072 g/cm?) provides a
luminosity of about 4.3x 1038 cm~2s~!, allowing the proton elastic cross section to be measured in only 31
days (including all commissioning and overhead for the beam energy and the spectrometer setting changes).

6.1 Detailed Kinematics for the Measurement

Bryan, please check number, take 6 msr and cut 25% statistics off for radiative corrections for calculation
of the statistical errors.

The kinematics for the proposed experiment are shown in Table 1. Each Q2 point has been optimized
to achieve a statistical precision in the proton elastic cross section of 0.5-0.8%. Three Q? points at 9, 10
and 13 GeV? are repeated to check for systematics arising from the change in beam energy from 5.8 GeV
to 8.8 GeV and from 8.8 GeV to 11 GeV. Four Q? points involve scattered electron energies (E') that are
beyond the current capabilities of the Right HRS. Therefore, these points will measured using only the Left
HRS.

6.2 The projected uncertainties

Bryan, please write this section with compact table for modified form factor and Born level FF.

6.3 Requested Beam Time Update

To complete the precision measurement of the proton elastic cross section for a range in Q2 of 7-17 GeV?,
we request 31 days. The Table 2 provides a breakdown of how this time is allocated. A large fraction of the
beam time requested is for production data taking at the highest Q> point (17 GeV?).

References

[1] C.D. Roberts et al., Eur. Phys. J. ST 140, 53-116 (2007);
I.C. Cloét et al., Few-Body Systems 46, 1-36 (2009).

[2] A.F. Sill et al., Phys. Rev. D 48, 29 (1993).

[3] P.A.M. Guichon and M. Vanderhaeghen, Phys. Rev. Lett. 91, 142303 (2003).



E, Q? 0, E' e Rate Time Events

(GeV) (GeV)? (deg) (GeV) (Hz) (hours)
4.8** 7.0 71.0 1.08 0.25 0.60 9.3 40k
6.6 7.0 354 287 0.62 745 0.7 40k
6.6 8.0 42.0 2.35 0.51 229 24 40k

5.8 9.0 77.0 1.00 0.18 0.15 36.3 40k
6.6 9.0 520 1.78 037 048 11.6 40k

8.8 9.0 29.3  4.00* 0.67 3.38 33 40k
6.6 10.0 67.0 1.25 023 0.15 38.3 40k
8.8 10.0 33.3 347" 059 131 85 40k

8.8 11.0 38.0 295 0.51 0.53 10.5 40k
8.8 12.0 44.0 242 041 0.21 26.7 40k
8.8 13.0 53.0 1.86 0.30 0.06 674 28k
11.0  13.0 31.3  4.07"  0.58 0.36 212 28k
11.0 14.0 350 3.54* 050 0.17 39.0 24k
11.0 15.5 420 2.74 0.39 0.053 52.8 20k
11.0 17.0 53.0 1.94 0.26 0.013 1752 16k
503.3

Table 1: Kinematics for the proposed measurement. Calculated rates assume a luminosity of
4.3x10% cm~2s~!, solid angle coverage of 5.4 msr (each HRS), and proton form factor parameterization
from Ref. [18]. Kinematics with non-standard beam energies with a double asterisk (**) indicate measure-
ments included per PAC32 suggestion. Kinematics with scattered electron energy (E’) with an asterisk (*)
indicate measurements that will only be done with the Left HRS. The total time is slightly less than the sum
of the individual times because the Right HRS will take data on the higher Q? points for the kinematics
where only the Left arm can reach the required momentum.

[4] J. Arrington, W. Melnitchouk, J.A. Tjon, Phys. Rev. C 76, 035205 (2007).

[5] J. Arrington, S. Gilad, B.Moffit, and B. Wojtsekhowski et al., Jefferson Lab experiment E12-07-108
(GMP).

[6] E. Brash, E. Cisbani, M. Jones, M. Khandaker, L. Pentchev, C.F. Perdrisat, V. Punjabi, and
B. Wojtsekhowski et al., Jefferson Lab experiment E12-07-109 (GEp(5)).

[7] G. Cates, S. Riordan, and B. Wojtsekhowski et al., Jefferson Lab experiment E12-09-016 (GEn(2)).
[8] G. Gilman, B. Quinn and B. Wojtsekhowski et al., Jefferson Lab experiment E12-09-019 (GMN).
[9] M. Burkardt, Int. J. Mod. Phys. A 18, 173 (2003).

[10] G.A. Miller, Phys. Rev. Lett. 99, 112001 (2007).

[11] C.E. Carlson and M. Vanderhaeghen, Phys. Rev. Lett. 100, 032004 (2008).

[12] J. Alcorn et al., Nuclear Instruments & Methods A 522, 294 (2004).

[13] L. A. Qattan et al., Phys. Rev. Lett. 94, 142301 (2005).

[14] R. Gilman, L. Pentchev, C.F. Perdrisat, and R. Suleiman et al., Jefferson Lab experiment 04-019
(2004).



Item Hours

Production on LH» 503
Background from Aluminum Foils 90
Optics calibrations and angle measurements (PAM) 88
eP and Arc Energy Measurements 20
Target density measurements/tests 8
Data on 4cm LH» targets 8
BCM calibration 8
Beam energy changes 12
Checkout/calibration 8
Total 744

Table 2: Detailed beam time request.

[15] P.G. Blunden et al., Phys. Rev. Lett. 91, 142304 (2003).

[16] Y.-C. Chen et al., Phys. Rev. Lett. 93 (2004) 122301;
A. Afanasev et al., Phys. Rev. D72, 013008 (2005).

[17] N. Kivel, M. Vanderhaeghen, Phys. Rev. Lett. 103, 092004 (2009).

[18] J.J. Kelly, Phys. Rev. C 70, 068202 (2004).



Individual Proposal Report
Proposal: PR12-07-108

Title: Precision Measurement of the Proton Elastic Cross-section at High Q*
Spokespersons: J. Arrington, B. Moffit, S. Gilad, B. Wojtsekhowski

Motivation: This experiment aims to measure the elastic electron-proton cross-section in
the O” range from 7 to 17.5 GeV* with an unprecedented precision of less than 2%. The
principal purpose of the measurement is twofold. First, the experiment will determine
with new precision the proton magnetic form-factor G”), at high 0*. This will be
accomplished by removing the contribution of G5 from the measured cross-section using
the results on G”5/G"), determined via polarization transfer by the proposed experiment
PR12-07-109. Knowledge of G”) and other form-factors is essential to our
understanding of the nucleon, providing in particular important new constraints on the
GPDs. Second, a precise measurement of the proton elastic cross-section at the
kinematics of the 12 GeV JLab facility is essential for the accurate normalization of
numerous other experiments, notably the measurements of the form-factors G’x, G"g, and
G" )1, and of nuclear transparency in A(e,e'p) quasielastic scattering.

Measurement and Feasibility: The proposal requests 31 days of running in Hall A (a
third of which might be shared with PR12-07-109) using only the standard 12 GeV
equipment. The quoted systematic uncertainty is ambitious. The principal challenge is
the determination of the acceptance correction: given the use of an extended 20 cm target,
this will require a knowledge of the Hall A spectrometer optics which considerably
exceeds that currently achieved. The PAC recognizes the amount of work involved, but
feels that the goal is within reach. The proposal also calls for the addition of a third VDC
to the standard HRS configuration, a modification that the TAC felt was insufficiently
justified. Given the existence of a spare VDC already and the resulting improvements in
track-reconstruction efficiency, the PAC feels that this upgrade is well worthwhile.

Issues: (1) The PAC suggests that the planned list of kinematic points be expanded so
that two or three € values are measured at each O* point in order to constrain 2y-exchange
(TPE) corrections as accurately as possible. As these additional measurements are only
possible at the lower Q2 values, the influence on the total run time will be modest.

(2) A future version of this proposal should include a complete evaluation of the
uncertainties on the G”); measurement: the plotted uncertainties do not presently account
for TPE corrections or the subtraction of G’z The treatment of radiative corrections
should also be more consistent: the total error budget for the cross-section includes the
standard radiative corrections, but excludes the much larger 2% uncertainty on the TPE
corrections. The proposal explains that this TPE uncertainty will not influence the use of
the cross-section measurement for normalization purposes, as they will share the same
correction, but this is (partly) true also for standard radiative corrections. Moreover, a
measurement of the Born-level elastic cross-section will require complete radiative corrections,
including TPE.

Recommendation: Approval



