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Abstract

Recent determinationsof the proton electric to magnetic form-factor ratio from polar-
ization transfer measurements at Je®ersonLab indicate a signi¯cant discrepancywith
the form-factor ratio obtained using the Rosenbluth separationtechnique in unpolar-
ized crosssection measurements. This discrepancyhas beenexplained by the e®ects
of multiple photon exchangebeyond the usual one-photonexchangeapproximation in
the calculation of the elastic electron-proton scattering crosssection. Since most of
our understandingon the structure of the proton and atomic nuclei is basedupon lep-
ton scattering analyzedin terms of the singlephoton approximation, it is essential to
de¯nitiv ely verify the contribution of multiple photon exchange.

The most direct evidencefor multiple photon exchangewould bea deviation from unity
in the ratio of positron-proton to electron-proton elastic scattering crosssections. In
this document, the conceptfor an experiment to measurethis crosssectionratio with
high precisionis developed. De¯nitiv emeasurements canbecarriedout in a fewmonths
of data taking with a fully operational experiment.
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1 In tro duction

In the courseof the morethan 50-year long history of elasticelectron-protonscattering
sinceHofstadter [1] the separationof the proton's electric and magnetic form factors
GE (Q2) and GM (Q2) hasbeenof particular interest. Until the 1990'sthe experimental
method to separateGE (Q2) and GM (Q2) wasbasedon the procedureby Rosenbluth [2]
measuringthe unpolarized elastic crosssection at ¯xed four-momentum transfer Q2

while simultaneously varying the electron scattering angleµ and beamenergy. It was
found that the Q2 dependenceof both GE and GM to a good approximation followed
the form of the Fourier transform of an exponentially decaying distribution, namely
the dipole form factor (1+ Q2=0:71)¡ 2 implying a ratio of ¹G E =GM ¼ 1, shown by the
open symbols in Fig. 1 (l.h.s.).

Due to the nature of the Rosenbluth formula
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in the crosssection becomeslessat higher Q2, making the Rosenbluth separationof
GE (Q2) and GM (Q2) at high momentum transfer rather di±cult. While some ex-
periments saw a scaling of the form factors, others occasionallyobserved signi¯cant
deviations of the ratio ¹G E =GM from unity. The world data collection on elastic
e-p scattering has recently been compiled by [3]. The most recent Rosenbluth-t ype
measurements have again con¯rmed the scaling behavior of the proton form-factor
ratio [4, 5], and additional unpolarizedprecisionmeasurements are planned [6].

In the late 1990's,development of polarized beams,targets and polarimeters allowed
a new way to measurethe form-factor ratio more directly through the interferenceof
GE and GM in the spin-dependent elastic crosssection asymmetry [7, 8, 9, 10]. It
cameas a big surprisewhen the high precisionpolarization transfer measurements at
Je®ersonLaboratory at higher Q2 up to 5.5 (GeV/c) 2 gave striking evidencethat the
proton form-factor ratio ¹G E =GM is monotonically falling with Q2 [11, 12, 13]. This
Q2 dependencewas dramatically di®erent from that observed with the unpolarized
Rosenbluth method. Linear extrapolation of GE would even suggesta node of the
electric form factor near 8 (GeV/c) 2. Note that this declineof the proton form-factor
ratio waspredicted already in 1973by calculationsbasedon vector-mesondominance,
including the expectednodearound 8 (GeV/c) 2 [19], asshown in Fig. 1 (r.h.s.). Future
recoil polarization experiments at Je®ersonLab will extend the Q2 range up to 9
(GeV/c) 2 with a new recoil polarimeter [14] and up to 14 (GeV/c) 2 after the 12-GeV
upgrade[15].
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Alternativ e measurements of GE =GM are basedon the spin-dependent asymmetries
with polarized beam and target. Experiments of this kind are consideredequivalent
to polarization transfer and constitute important independent tests to verify the recoil
polarization results. Such measurements have recently beenperformedwith the Bates
LargeAcceptanceSpectrometerToroid (BLAST) at low Q2 usingan internal polarized
hydrogentarget [16]. The result is consistent with scalingof the form factor ratio, albeit
at low Q2 whereno discrepancybetweenpolarizedand unpolarizedmeasurements was
expected. Another experiment useda frozen-spinammonia target [17] to extract the
form-factor ratio at somewhathigher Q2 ¼ 1:51 (GeV/c) 2, with a result for ¹G E =GM

between the unpolarized and polarization transfer data (solid circle in left plot of
Fig. 1). Clearly, further measurements are neededto resolve this discrepancy.

2 Bey ond the Single Photon Appro ximation

The generallyacceptedexplanation for the discrepancybetweenthe recoil polarization
and Rosenbluth determinationsof the elastic proton form factor ratio is the exchange
of multiple (> 1) photonsduring the electron-protonelastic scattering process[20, 21].

Figure 1: L.h.s.: Proton electric to magnetic form-factor ratio ¹G E =GM from unpo-
larized (open symbols, "World xn" and JLAB05 [3, 5]) and polarized measurements
(¯lled symbols, MIT-Bates [7], JLAB00 [11], JLAB02 [12], and JLAB06 [13]). The
¯gure hasbeentaken from [17] (\this experiment"). The curvesare ¯ts to unpolarized
data [3] and to data from [11, 12] only for the high-Q2 region. R.h.s.: Form-factor
ratio ¹G E =GM from recoil polarization comparedwith calculations by Iachello from
2004(solid) [18] and 1973(dashed)[19].
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Figure 2: Ratio of elasticpositron-proton to electron-protoncrosssectionversusvirtual
photon polarization for given Q2 [21].

This implies that certain lepton-nucleonscattering observableswill di®ersigni¯cantly
from their one-photonexchange(or ¯rst-order Born approximation) expectation value.

Multiple-photon exchange processeswill exhibit a characteristic dependenceof the
elasticlepton-proton scatteringcrosssectionon the valueof virtual photon polarization
². As ² decreases,the e®ectsof multiple-photon exchangeon the elastic crosssection
tend to increasein magnitude.

The discrepancybetweenthe recoil polarization and Rosenbluth determinationsof the
elasticproton form-factor ratio grows with increasingQ2. At high Q2, the crosssection
is dominated by magnetic (i.e. transverse)scattering. This explainswhy the e®ecton
the extraction of GE from Rosenbluth separationscan be sizable,while the e®ecton
the crosssectionat all valuesof Q2 is rather modest. At the sametime, the form-factor
ratio from polarization experiments is lessa®ected.

The e®ectof multiple-photon exchange on the electromagneticelastic form factors
involvesthe real part of the multiple-photon exchangeamplitude. The observablemost
sensitive to this amplitude is the ratio of the elastic crosssection for electron-proton
to positron-proton scattering. In the presenceof multiple-photon exchange,the cross
sectionfor unpolarized lepton-proton scattering contains an interferenceterm between
the one-and two-photon amplitudes. This interferenceis odd under time reversal,and
hencehas the opposite sign for elastic positron-proton and electron-protonscattering,
respectively. Therefore,a non-zerotwo-photonamplitude would result in di®erent cross
sectionsfor unpolarizedelectron-protonand positron-proton scattering.

Figure 2 shows the ratio of the two crosssectionsas a function of the virtual photon
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Figure 3: e+ p/e ¡ p crosssectionratio asa function of scattering angle,for three beam
energies(black=2.0 GeV, red=2.5 GeV, blue=3.0 GeV) [21]. The ¯gure on the right
shows the regionup to 80± whereonly little energydependenceof the two-photone®ect
is evident.

polarization ². The ratio would be unity in the caseof pure single photon exchange,
i.e. the Born approximation. The sensitivity is enhancedat low ², exceeding4% for
² · 0:4, provided Q2 ¸ 2 (GeV/c) 2. Beyond Q2 = 2 (GeV/c) 2 the Q2 dependenceof
the two-photone®ectis small, and sincethe crosssectiondecreasesrapidly with Q2, one
would want to keepQ2 aslow aspossiblefor optimized statistics. This is clear in Fig. 3
which displays the e+ p/e ¡ p crosssectionratio asa function of the scattering anglefor
three beamenergies.Up to about 80±, the crosssectionratio is almost independent of
the beamenergy, and henceof Q2 for a given scattering angle.

Figure 4 shows the elastic proton electric to magnetic form factor ratio under vari-
ous conditions: The red diamondscorrespond to the form-factor ratio as determined
from recoil polarization, which has only little sensitivity to multi-photon e®ects.The
magenta crossescorrespond to the form-factor ratio from existing e¡ p Rosenbluth sep-
aration data (Bosted ¯t [22]). The greenopencirclesrepresent the e®ectof two-photon
exchangeon the Rosenbluth measurements, using a simple ¯t to the two-photon cor-
rection that explains that discrepancybetweenpolarization and Rosenbluth measure-
ments. The blue solid circlesare the result of applying this two-photon correction to
Rosenbluth measurements usinge+ p scattering. The expectednode at ¼ 2:6 (GeV/c) 2

is remarkable. Above 2.6 (GeV/c) 2, one would expect to ¯nd negative valuesfor Gp
E

2

from e+ -p Rosenbluth separations.

Previous experiments from the 1960's at SLAC [23] have measuredthe e+ p / e¡ p
crosssection ratio. However, high-precisionmeasurements with uncertainties of 1%
were doneonly at low Q2 or very large ², where the multiple-photon exchangee®ects
appear to be small. Measurements at low ² had uncertainties of ¼ 5%, too large to see
conclusive deviations from unity. Recent reanalysisof the (limited) low-² data give an
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Figure 4: Proton electric to magnetic form-factor ratio ¹ pGp
E =Gp

M without (red dia-
monds) and with two-photon e®ectscalculated for e¡ -p (greenopen circles) and e+ -p
(blue solid circles) Rosenbluth separations[21]. The magenta crossesrepresent a ¯t
to existing Rosenbluth-separatede¡ -p data. The electric form factor Gp

E from unpo-
larized e+ -p scattering has a node expected at Q2 ¼ 2:6 (GeV/c) 2, with Gp

E
2 < 0 for

Q2 > 2:6 GeV/c) 2.

indication of multiple-photon exchangee®ects,consistent with recent calculations,but
only at the three-sigmalevel [3].

Recently, two new experiments have been proposedto study the e+ p and e¡ p cross
sectionratio: oneat Je®ersonLab [24] usinga secondaryelectron/positron beamfrom
a pair production target, and another at Novosibirsk [25] basedon storedelectronand
positron beamsincident on an internal unpolarizedhydrogentarget.

The e®ectof two-photon exchangeon the real part of the lepton-nucleon scattering
amplitude can also be investigatedby studying the ²-dependenceof the proton form-
factor ratio from polarization experiments. Such an experiment has beenproposedat
Je®ersonLab [26]. Precisemapping of Rosenbluth crosssectionsin unpolarized e¡ p
scatteringwill alsorevealany nonlinearitiesin the ² dependenceof the crosssection[6].

The imaginary part of the two-photon amplitude would give rise to non-zerotrans-
versesingle-spinasymmetries,of either the beam(An ), the target (Ay) or the induced
polarization (Py). Thesesingle-spinasymmetrieswill be studied at Je®ersonLab as
well [26, 27].

In this document, we arguethat the useof the intense,multi-GeV stored electronand
positron beamsat the storagering DORIS at DESY, Hamburg, Germany in combina-
tion with the BLAST detector can produce the most de¯nitiv e data to determine the
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e®ectof multiple photon exchange in elastic lepton-proton scattering and verify the
recent theoretical predictions.

3 Prop osed Exp erimen t

We propose to measurethe ratio of elastic electron-proton to positron-proton cross
sectionsover a range of ² with the BLAST detector using an internal unpolarized
hydrogen target and intense stored beamsof unpolarized positrons and electronsat
energiesbetween2.3 and 4.5 GeV at the storagering DORIS at DESY in Hamburg,
Germany. To carry out this experiment will require

² operation of the DORIS storagering at di®erent energiesand with both electrons
and positrons

² the relocation of the BLAST detector from MIT-Bates to DESY/DORIS and

² the installation of an unpolarizedhydrogeninternal gastarget.

At DORIS, both electron and positron beamscan be stored with high intensity and
energiesup to 4.5 GeV. The DORIS storage ring was operated as a e+ -e¡ collider
until 1993,and is is currently usedasa sourcefor synchrotron radiation using 100mA
positronswith a lifetime of about 20 hours. Before1993,beamintensities for electrons
wereon the order 50 mA, but currents on the order of 100mA shouldnow be possible.

With su±cient luminosity andappropriatecontrol of systematicuncertainties, a storage
ring experiment with both electronsand positrons incident on an internal hydrogen
gas target is the best way to measurethe e+ p/e ¡ p crosssection ratio. Simultaneous
measurement both at low and at high ² with a large-acceptancedetector con¯guration
(BLAST) will allow a determination of the ²-dependenceof the crosssectionratio, and
hencethe sizeof the two-photon amplitude. Measurement at di®erent beam energies
will also enable a Rosenbluth separation for the positron cross sections for a wide
range of four-momentum transfer when the measurede+ p/e ¡ p ratios are combined
with existing Rosenbluth data for elastic electron-protonscattering.

3.1 Detector

We propose to utilize the existing Bates Large Acceptance Spectrometer Toroid
(BLAST) detector system from MIT-Bates. BLAST is a toroidal spectrometer with
eight sectors. The two in-plane sectors are instrumented with wire chambers for
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Figure 5: Kinematic coverageof ² versusQ2 for the BLAST detector for various beam
energies.

charged-particle tracking, plastic scintillators for trigger and particle identi¯cation,
and aerogel-Cerenkov counters for pion rejection. The detector is symmetric about
the beamdirection and allows for completereconstruction of coincident elastic events
with both electron and proton four-vectors being determined. The symmetry of the
detector doubles the solid angle for elastic scattering. The angle acceptancecovers
approximately 20± to 80± of the polar and § 15± of the azimuthal angle.

In order to demonstratethe kinematic coverageof the BLAST detector,Fig. 5 showsthe
virtual photon polarization ² versusQ2 for di®erent beamenergies(colors)and di®erent
scattering angles(symbols), with each set of symbols corresponding to the acceptance
of BLAST. For any beam energy given, the parameters² and Q2 are kinematically
correlated within the large angle acceptance.For the BLAST detector geometry, the
acceptancebecomessmaller at higher beam energies,thereby setting a lower limit
for the reachable value of ², sincefor backward lepton scattering anglesthe scattered
proton is recoiling at decreasinganglesand eventually missesthe detector system. For
the acceptancelimitation by BLAST a proton angleµp > 23± was assumed.

As a consequence,the lowestreachablevaluesof ² areabout 0.4and areonly established
at a beamenergyof lessthan 2.3 GeV. At the sametime, the beamenergyshouldalso
not be smaller than 2 GeV in order to maintain a high enoughQ2 > 2 (GeV/c) 2.

For a ¯xed Q2 of 2.6 (GeV/c) 2 (where the GE (e+ ) node is expected), only beam en-
ergiesof 2.3-4.5GeV are appropriate for use with BLAST. At this value of Q2 the
BLAST acceptancesfor thesebeamenergiesare overlapping, suitable to map out the ²
dependenceof the crosssectionratio at ¯xed Q2 (similar to a Rosenbluth separation).
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The lowest beamenergycorrespondsto the lowest ² value for that respective Q2 value.
In combination with existing electron-proton crosssections,a Rosenbluth separation
of the positron-proton elastic crosssectioncan be carried out.

3.2 Target

The target will be an unpolarizedhydrogensourceconnecteddirectly to a thin walled,
cryogenicallycooled aluminum tube, similar to that usedin the HERMES/DESY and
BLAST/MIT experiments. To carry out measurements of the elastic electron-proton
crosssectionat the lowest value of ² ¼ 0:4 with ¼ 1% statistical uncertainty in about
1 month, a luminosity of 6¢1032/(cm 2s) will be requiredfor this experiment. Assuming
100 mA circulating electron and positron currents, this implies a target thicknessof
about 1015 atoms/cm2. Large vacuum pumps will be required to pump away the
hydrogengassothat the lifetime of the storedbeamcanbeon the orderof severalhours.
The Argonneand MIT groupshave considerableexperiencein designing,installing and
operating such internal gastargets in storagerings [28].

We can estimate the beam lifetime in DORIS based on a simple model for losses
accounting for bremsstrahlung, Moller and Rutherford scattering [29]. The current
aperture at DORIS is limited by an undulator with an 11mm gap, allowing only for
a vertical emittance of about 7 mm mrad. The momentum acceptanceof DORIS (or
bucket size) is estimated with 0.8%. The lifetime without any target in the current
operation mode as a lightsource is on the order of 20 h. Figure 6 shows the expected
partial lifetimes due to the various above mentioned processesthat are causinglosses,
along with the resulting lifetime. It is assumedthat the insertion of a target cell does
not further limit the aperture. With a beta function su±ciently small at the location
of the target, which can be achieved with a set of quadrupole magnetsupstream and
downstreamof the internal target, this is a realistic assumption. The expectedlifetime
at a beamenergyof 2.3GeV amounts to 10.6h for a target thicknessof 1014 atoms/cm2

and 2.0 h for the required thicknessof 1015 atoms/cm2. The momentum acceptanceis
still the dominant limitation. In comparison,the lifetime at MIT-Bates with a target
thicknessof 5 ¢1013 atoms/cm2 was about 30 minutes.

If DORIS can be operated in top-up mode, the considerationon the ring lifetime may
be even lessimportant.

3.3 Luminosit y Monitor

The target thicknesswill be monitored over time by continuously measuringthe pres-
sureand temperature of the reservoir and by an additional °ow meter to measurethe
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Figure 6: Expected beam lifetime in DORIS as a function of the target thickness.
Based on a lifetime of 20h without target (dotted line), the lifetime is reduced by
Rutherford and Moller scattering and bremsstrahlungdue to the given aperture limits
(angle acceptanceµm and momentum accptance! m ).

°ux from the bu®er. The stored current of positrons and electrons in the ring will
be measuredwith an absoluteprecisionof 1% with a parametric current transformer
as was done for BLAST running at MIT-Bates, providing a precisemonitor of the
luminosity when combined with the gas°ow information from the bu®ersystem.

Besidesmeasuring target thicknessand beam current explicitly, we also propose to
measureand monitor the luminosity with elasticscatteringat low momentum transfer.
At low Q2 < 1 (GeV/c) 2, the proton form factorsGE and GM arewell known at the 1%
level. Moreover, at ² closeto 1, two-photon e®ectsare expectedto be negligible,hence
the rate for both e+ -p and e¡ p elastic scattering is proportional to the luminosity.

E0 Q2 pe0 ² µp pp Rate
[GeV] [(GeV/c) 2] [GeV/c] [MeV/c] [h¡ 1]

4.5 0.574 4.194 0.9825 63.1± 816 37616
3.0 0.262 2.860 0.9837 69.8± 530 196601
2.3 0.154 2.217 0.9844 73.2± 400 467075

Table 1: Kinematics and count rates of the luminosity control measurement for three
beamenergiesat µe = 10±. The assumedsolid angle is 22.5msr.
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To this extent, we will use a position-sensitive counter at a forward angle of about
10± to detect electronsor positrons in coincidencewith the recoiling proton at large
anglecoveredby the acceptanceof BLAST. At such a forward angle,the ¯eld integral
of the BLAST toroid is quite small, resulting in almost straight tracks for elastically
scatteredelectronsand positrons. The forward-angledetectorwill have to beradiation-
hard, capableof handling high ratesin the MHz regionand hasto provide good angular
(< 0:5±) and vertex resolution (< 1 cm) for the forward tracks.

One possibility for the forward detector would be a packageof two 30£ 30 cm2 planar
triple-GEM detectors,identical to the COMPASS-GEM [30], allowing to measurethe
lepton tracks with high resolution. An alternative option would be several crossed
layersof thin scintillator hodoscopesread out on both endswith fast photomultipliers
for good position resolution. We will also usea Cerenkov counter or electromagnetic
shower calorimeter behind the position-sensitive element to identify the electronsand
positrons. At a distanceof 200cm from the target, a solid angleof 22.5msr is covered
by the area of 30 £ 30 cm2. The angular resolution of the track should be better
than 0.5±, which correspondsto a spatial resolution requirement of 1.7 cm. While this
modest requirement can already be achieved with the hodoscope, a higher resolution
may be requiredif alsothe vertex needsto be resolved. The ¯nal decisionwill be based
on a more detailed study.

For beamenergiesbetween2.3 and 4.5 GeV, the four-momentum transfer at µe = 10±

variesbeween0.15and 0.57(GeV/c) 2, and the virtual photon polarization parameter
² is above 0.98. Here the singlephoton approximation is good to better than 1%. The
proton is recoiling with momenta of 400-800MeV/c at anglesof 63±-73±, well within
the rear-angleacceptanceof the BLAST detector.

The coincidencerequirement between the forward detector and BLAST as well as
further kinematic correlationsbetweenthe lepton and proton track will suppressback-
groundsfrom any sourceincluding random coincidences.

The crosssectionat low Q2 and ² > 0:98 is large enoughto provide < 1% statistical
error for the above con¯guration in lessthan onehour, indicating the suitabilit y of this
setup asa luminosity monitor. The expectedcount rate for this luminosity monitor is
listed for three beamenergiesin Tab. 1.

E0 Q2 µe pe0 ² µp pp

[GeV] [(GeV/c) 2] [GeV/c] [GeV/c]
4.5 2.6 24.9± 3.114 0.86 38.0± 2.125
3.0 2.6 43.0± 1.614 0.65 31.2± 2.125
2.3 2.6 67.6± 0.914 0.39 23.4± 2.125

Table 2: Kinematics for three beamenergiesand Q2 = 2:6 (GeV/c) 2.
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Figure 7: Expecteddistribution of counts per markedanglebin for the BLAST detector
for variousbeamenergies,asa function of Q2. The assumedluminosity is 6¢1032/(cm 2s)
£ 1000hours.

3.4 Coun t Rate Estimate

Figure 7 shows the expectednumber of counts in any given anglebin and for various
beamenergiesfor a canonicalrun of 1000hat a luminosity of 6¢1032/(cm 2s) asa function
of Q2. HÄohler form factor [31] basedcrosssectionswhereusedfor this estimate, good
enough within 10% for both e+ and e¡ up to Q2 ¼ 3 (GeV/c) 2. We seethat for
Q2 = 2:6 (GeV/c) 2, the number of counts per anglebin rangesbetween¼ 104 (at 2.1
(GeV/c) 2 and smallest² and ¼ 7 ¢104 (at 4.5 (GeV/c) 2 and highest ²).

The next plot in Fig. 8 shows the expected number of counts in any given angle bin
and for variousbeamenergiesversus². Generally, lowest ² valuesat reasonablecounts
of > 104 arepossibledown to ² ¼ 0:4, for which the beamenergyshouldnot exceed2.3
GeV. At higher energies,the lowest value of ² reachable with the rearmost scattering
angle increases,while at the sametime the count rate decreases.

Measurements at three beam energies,as listed in Tab. 2, will yield preciseratios of
e+ -p and e¡ -p crosssectionsat Q2 = 2:6 (GeV/c) 2 for a wide rangeof ². The counts
for each Q-point in the table are in excessof ¼ 104 counts. In combination with world
electron-proton crosssection data this allows for a preciseRosenbluth separation of
the elastic positron-proton crosssection.

At ² = 0:4 and Q2 = 2:6 (GeV/c) 2, the e®ecton ¾(e+ /e ¡ ) is expected to be of the
order 4%. For a 1% statistical error of the crosssectionratio, about 2 ¢104 counts are
required for both electronand positron measurements. For the sum of the three lowest
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Figure 8: Expecteddistribution of counts per markedanglebin for the BLAST detector
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£ 1000hours.

² bins µe = 58±; 62±; and 66± at 2.3 GeV in Tab. 3, each electron and positron cross
sectionmeasurement takesabout 500hunder the conditions discussedabove.

It should be emphasizedthat the large angular acceptanceof BLAST includesa wide
distribution of ² valuesin a singlemeasurement. Table 3 summarizeskinematics and
expectedcount rate per anglebin for the three beamenergies.

3.5 Con trol of Systematics

The primary observable of this experiment is the ratio of the electron-proton and
positron-proton elastic cross sections. The redundant control measurements of the
luminosity will allow to determinethe e+ -p/e ¡ p crosssectionratio with high precision.
As is shown below, the systematicerrors for individual proton and lepton acceptance
and e±ciency will cancelto ¯rst order.

In order to reducethe systematicerrors of the crosssectionratio due to uncertainties
in relative luminosity, acceptanceand e±ciency with individual electron and positron
beams,we require that the beam storagein DORIS will often be alternated between
electronsand positrons, and that the BLAST magnet polarity be reversedwith the
samefrequency. With the samepolarity of the BLAST magnet, the acceptanceand
e±cieny for the recoilingprotons · p will be identical, however the electronand positron
acceptanceand e±ciency · l may di®er from each other. When reversingthe BLAST
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E0 µe pe0 µp pp Q2 ² Counts
[GeV] [GeV/c] [GeV/c] [(GeV/c) 2]
4.5 22 3.33 41.6 4.17 2.2 0.891 121357

26 3.03 36.8 3.85 2.8 0.840 37382
30 2.74 32.8 3.56 3.3 0.782 13924
34 2.47 29.4 3.28 3.8 0.720 6046
38 2.23 26.6 3.03 4.3 0.656 2971
42 2.01 24.2 2.80 4.7 0.593 1614

183294
3.0 22 2.43 50.8 3.24 1.1 0.910 1463770

26 2.27 45.9 3.06 1.4 0.871 500148
30 2.10 41.6 2.89 1.7 0.825 196674
34 1.94 37.9 2.72 2.0 0.774 87256
38 1.79 34.7 2.56 2.3 0.719 42907
42 1.65 31.8 2.41 2.5 0.663 23025
46 1.52 29.3 2.27 2.8 0.608 13304
50 1.40 27.1 2.14 3.0 0.554 8183
54 1.29 25.1 2.02 3.2 0.502 5306
58 1.20 23.3 1.92 3.4 0.454 3599

2344172
2.3 22 1.95 56.1 2.73 0.7 0.918 5842290

26 1.84 51.5 2.62 0.9 0.883 2203890
30 1.73 47.2 2.50 1.1 0.842 927333
34 1.62 43.5 2.38 1.3 0.797 429793
38 1.51 40.1 2.26 1.5 0.748 216921
42 1.41 37.1 2.15 1.7 0.697 117977
46 1.31 34.3 2.05 1.8 0.645 68486
50 1.23 31.9 1.95 2.0 0.594 42073
54 1.14 29.6 1.86 2.2 0.544 27146
58 1.07 27.6 1.77 2.3 0.496 18276
62 1.00 25.8 1.69 2.4 0.450 12765
66 0.94 24.1 1.62 2.6 0.407 9204

9916154

Table 3: Kinematics for three beam energiesand count estimate per 4±-angle bin for
1000h at 6 ¢1032 / (cm2s). For the higher beam energy the backward lepton angle
acceptanceis limited by the forward proton angle.
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magnetic ¯eld, the positron acceptancein one polarity will equal the electron accep-
tance with reversedpolarity of BLAST. In this casehowever, the proton acceptance
and e±ciency may be di®erent for each polarity. The sameconsiderationholds for the
events measuredwith the forward-angleluminosity monitor.

Frequent and random ¯lling with both e+ and e¡ beamsand reversal of the BLAST
¯eld direction will minimize systematicuncertainties in the ratio from acceptanceand
e±ciencydi®erencesasstatistics areaccumulated. For a givenbin, the number of events
N ij = L ij ¾i ·

p
ij · l

ij will be recordedfor the four combinations ij , where i = e+ (e¡ ) for
positrons(electrons)and j = +( ¡ ) for positive (negative) BLAST polarity, whereL is
the luminosity and ¾the bin-averagedlepton-nucleoncrosssection.

For a given polarity j , the proton e±ciencies· p
ij cancelin the ratio

Ne+ j =Le+ j

Ne¡ j =Le¡ j
=

¾e+

¾e¡
¢

· l
e+ j

· l
e¡ j

(2)

due to · p
e+ j = · p

e¡ j . With the above cancellationsof · l
e+ + = · l

e¡ ¡ and · l
e+ ¡ = · l

e¡ + ,
the combination ·

Ne+ + =Le+ +

Ne¡ + =Le¡ +
¢

Ne+ ¡ =Le+ ¡

Ne¡ ¡ =Le¡ ¡

¸ 1
2

=
¾e+

¾e¡
(3)

measuresthe crosssectionratio directly whereall lepton and proton acceptancesand
e±cienciescancelto ¯rst order for a cycle of four combinations. The sameconsidera-
tion holds for the combination of the four luminosities L ij which only occur in ratios
where the respective geometricale±cienciescancel. The cycle will then be repeated
for the appropriate number of times. The cycle has to be short enoughto ensurethe
cancellationsof e±ciencies,which areslowly varying quantities. It appearsappropriate
that every combination takesone day of running, i.e. every other day the beam and
the polarity, respectively, will be switched in a staggeredway.

The left-right symmetry of the BLAST detector is another feature that will be used
to control systematicuncertainties: As the unpolarizedcrosssectionis independent of
the azimuthal angle, the production rate in both sectorcombinations are expected to
be equal, and their di®erenceis a measurehow well the cancellationsof the relative
e±ciency work.

The above scheme makes use of measurements of the proton and lepton tracks in
coincidence.Further information and additional checks of systematicswill be obtained
from proton or lepton single-arm events for which the high and low ² limits of the
BLAST acceptanceare extended. Provided that backgrounds in single-arm elastic
events can be kept at a minimum, proton single-armratios for electron and positron
beams with the same polarity of BLAST, as well as lepton single-arm ratios with
reversed¯eld polarity alsoprobe the e+ /e ¡ crosssectionratio independently.

15



4 Conclusion

The current discrepancybetweenrecoil polarization and Rosenbluth measurements of
the proton elastic form-factor ratio constitutes a seriouschallengewhich undermines
our understandingof the structure of the proton. The widely acceptedexplanation in
terms of multiple photon exchangedemandsa de¯nitiv e con¯rmation.

A precisionstudy of the e+ -p/e ¡ -p crosssectionratio will directly test the contribution
of multiple photon e®ects.As the prediction of the magnitudeof multiple photon e®ect
is model-dependent, the experiment described herewill provide a strong constraint to
theoretical calculations.

The proposedexperiment we describe here takesadvantage of unique featuresof the
BLAST detector combined with an internal hydrogen gastarget in a storagering for
electronsand positrons. The systematic uncertainties are controllable at the percent
level, and with the superior luminosity that canbeprovided at DORIS, this experiment
will not be limited in statistical precision.

References

[1] R. Hofstadter, Rev. Mod. Phys. 28, 214(1956).

[2] M.N. Rosenbluth, Phys. Rev. 79, 615(1950).

[3] J. Arrington, Phys. Rev. C69, 022201(R)(2004).

[4] M.E. Christy et al., Phys. Rev. C70, 015206(2004).

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

[6] J. Arrington et al., A measurementof two-photonexchangein unpolarized elastic
electron-proton scattering, Je®ersonLab ProposalE05-017(2005).

[7] B. Milbrath et al., Phys. Rev. Lett. 80, 452 (1998); Erratun-ibid.
Phys. Rev. Lett. 82, 2221(E) (1999).

[8] S. Dieterich et al., Phys. Lett. B500 , 47 (2001).

[9] T. Pospischil et al., Eur. Phys. J. A12 , 125(2001).

[10] O. Gayou et al., Phys. Rev. C64, 038202(2001).

16



[11] V. Punjabi et al., Phys. Rev. C71, 055202(2005); Erratum-ibid. Phys. Rev.
C71, 069902(E)(2005); M. Joneset al., Phys. Rev. Lett. 84, 1398(2000).

[12] O. Gayou et al., Phys. Rev. Lett. 88, 092301(2002).

[13] G. MacLachlan et al., Nucl. Phys. A764 , 261(2006).

[14] C. Perdrisat et al., Je®ersonLab ProposalsE01-109,E04-108.

[15] J. Arrington et al., Conceptual Design Report CD0, Hall C 12 GeV Upgrade
(2002).

[16] C. Crawford, A. Sindile, T. Akdogan, R. Alarcon, W. Bertozzi, E. Booth,
T. Botto, J. Calarco,B. Clasie,A. DeGrush,T.W. Donnelly, K. Dow, D. Dutta,
M. Farkhondeh, R. Fatemi, O. Filoti, W. Franklin, H. Gao, E. Geis, S. Gilad,
W. Haeberli, D. Hasell,W. Hersman,M. Holtrop, P. Karpius, M. Kohl, H. Kol-
ster, T. Lee,A. Maschinot, J. Matthews, K. McIlhany, N. Meitanis, R.G. Milner,
J. Rapaport, R.P. Redwine, J. Seely, A. Shinozaki, S. ·Sirca, E. Six, T. Smith,
B. Tonguc,C. Tschalaer,E. Tsentalovich, W. Turchinetz, J.F.J. van den Brand,
J. van der Laan, F. Wang,T. Wise,Y. Xiao, W. Xu, C. Zhang,Z. Zhou,V. Ziskin,
and T. Zwart, submitted to Phys. Rev. Lett.;
C. Crawford, Ph.D. thesis,MIT (2005);
A. Sindile, Ph.D. thesis,University of New Hampshire(2006).

[17] M.K. Joneset al., Phys. Rev. C74, 035201(2006).

[18] R. Bijk er and F. Iachello, Phys. Rev. C69, 068201(2004).

[19] F. Iachello, A.D. Jackson, and A. Lande, Phys. Lett. B43 , 191(1973).

[20] P.A.M. Guichon and M. Vanderhaeghen,Phys. Rev. Lett. 91, 142303(2003);
P.G. Blunden, W. Melnitchouk, and J.A. Tjon, Phys. Rev. Lett. 91, 142304
(2003); M.P. Rekalo and E. Tomasi-Gustafsson,Eur. Phys. J. A22 , 331 (2004);
Y.C. Chen, A.V. Afanasev,S.J. Brodsky, C.E. Carlson and M. Vanderhaeghen,
Phys. Rev. Lett. 93, 122301(2004); A.V. Afanasevand N.P. Merenkov, Phys.
Rev. D 70, 073002(2004).

[21] P.G. Blunden, W. Melnitchouk, and J.A. Tjon, Phys. Rev. C72, 034612(2005).

[22] P. Bosted,Phys. Rev. C51, 409(1995).

[23] J. Mar et al., Phys. Rev. Lett. 21, 482(1968).

[24] J. Arrington et al., Beyond the Born Approximation: A Precise Comparison of
e+ p and e¡ p Elastic Scattering in CLAS, PR04-116,PAC26 (2004)

17



[25] J. Arrington et al., Two photon exchangeof electrons/positrons on the proton,
Proposalat VEPP-3, nucl-ex/0408020(2004).

[26] S. Kowalski et al., Measurement of the Two-Photon ExchangeContribution in
ep Elastic Scattering Using Recoil Polarization, Je®ersonLab Proposal E04-019
(2004).

[27] D.J. Margaziotis et al., Measurement of the Target Single-SpinAsymmetry in
Quasi-Elastic 3He" (e,e'), Je®ersonLab ProposalE05-15,PAC27 (2005).

[28] D. Cheever et al., Nucl. Instr. Meth. A556 , 410(2006).

[29] C. Tschalaer, private communication.

[30] C. Altun baset al., Nucl. Instr. Meth. A490 , 177(2002).

[31] G. HÄohler et al., Nucl. Phys. B114 , 505(1976).

18


