aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Form Factors and Two-Photon Exchange in High-Energy
Elastic Electron-Proton Scattering
M. E. Christy et al.
Phys. Rev. Lett. 128, 102002 — Published 11 March 2022
DOI: 10.1103/PhysRevlLett.128.102002


https://dx.doi.org/10.1103/PhysRevLett.128.102002

Form factors and two-photon exchange in high-energy elastic electron-proton scattering

M. E. Christy,! T. Gautam,' L. Ou,? B. Schmookler,” Y. Wang,*> D. Adikaram,* Z. Ahmed,> H. Albataineh,® S. F. Ali,’
B. Aljawrneh,®° K. Allada,” S.L. Allison,'? S. Alsalmi,'! D. Androic,'? K. Aniol,'® J. Annand,'* J. Arrington,'>:16
H. Atac,!” T. Averett,? C. Ayerbe Gayoso,3 X. Bai,18 J. Bane,'? S. Barcus,3 K. Bartlett,? V. Bellini,20 R. Beminiwattha,?!
J. Bericic,* H. Bhatt,22 D. Bhetuwal,?? D. Biswas,! E. Brash,23 D. Bulumulla,!® C. M. Camacho,?* J. Campbell,25
A. Camsonne,* M. Carmignotto,7 J. Castellanos,2® C. Chen,! J-P. Chen,* T. Chetry,27 E. Cisbani,?8 B. Clary,29 E. Cohen,3°
N. Compton,?’ J. C. Cornejo,>3! S. Covrig Dusa,* B. Crowe,?? S. Danagoulian,® T. Danley,”” W. Deconinck,®> M. Defurne,
C. Desnault,* D. Di,'® M. Dlamini,”” M. Duer,*® B. Duran,'” R. Ent,* C. Fanelli,” E. Fuchey,?” C. Gal,'® D. Gaskell,*
F. Georges,>* S. Gilad,? O. Glamazdin,>® K. Gnanvo,'® A. V. Gramolin,’® V. M. Gray,? C. Gu,'® A. Habarakada,'

T. Hague,!' G. Hamad,”’ D. Hamilton,'* K. Hamilton,'* O. Hansen,* F. Hauenstein,'® A. V. Hernandez,” W. Henry,!”
D. W. Higinbotham,* T. Holmstrom,>” T. Horn,” Y. Huang,'® G.M. Huber (), C. Hyde,'? H. Ibrahim,?® N. Israel,?’
C-M. Jen,*® K. Jin,'® M. Jones,* A. Kabir,'! B. Karki,”’ C. Keppel,* V. Khachatryan,***! PM. King,”’ S. Li,*> W. Li,>
H. Liu,43 J. Liun,’® A. H. Liyanage,1 D. Mack,* J. Magee,3 S. Malace,4 J. Mammei,** P. Markowitz,2° S. Mayilyan,45
E. McClellan,* F. Meddi,?8 D. Meekins,* K. Mesick,*® R. Michaels,* A. Mkrtchyan,7 B. Moffit,* R. Montgomery,14
L.S. Myers,4 P. Nadel-Turonski,* S. J. Nazeer,! V. Nf:lyubin,18 D. Nguyen,18 N. Nuruzzaman,! M. Nycz,11 R.E. Obrecht,?®
K. Ohanyan,* C. Palatchi,'® B. Pandey,' K. Park,'® S. Park,*® C. Peng,*’ F. D. Persio,?® R. Pomatsalyuk,* E. Pooser,*
A.JR. Puckett,” V. Punjabi,*® B. Quinn,?' S. Rahman,** M.N.H. Rashad,'® PE. Reimer (©,'¢ S. Riordan,*’ J. Roche,?’
I. Sapkota,” A. Sarty,* B. Sawatzky,* N. H. Saylor,”® M. H. Shabestari,?? A. Shahinyan,* S. Sirca,”! G.R. Smith,*

S. Sooriyaarachchilage,! N. Sparveris,!” R. Spies,** A. Stefanko,’! T. Su,'! A. Subedi,?? V. Sulkosky,? A. Sun,3! Y. Tan,>?
L. Thorne,3! N. Ton,'® E. Tortorici,?’ R. Trotta,>> R. Uniyal,” G.M. Urciuoli,?® E. Voutier,”* B. Waidyawansa,*

B. Wojtsekhowski (3,* * S. Wood,* X. Yan,3* L. Ye,??> Z. H. Ye,'¥3 C. Yero,?® J. Zhang,'® Y. X. Zhao,*® and P. Zhu*¢

YHampton University, Hampton, Virginia 23669, USA
2Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
3William and Mary, Williamsburg, Virginia 23185, USA
4Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606, USA
>University of Regina, Regina, SK, S45 0A2 Canada
Texas A & M University, Kingsville, Texas 77843, USA
TCatholic University of America, Washington, DC 20064, USA
8 North Carolina Ag. and Tech. St. Univ., Greensboro, North Carolina 27411, USA
9Al Zaytoonah University of Jordan, Amman, Jordan
19014 Dominion University, Norfolk, Virginia 23529, USA
Ugent State University, Kent, Ohio 44240, USA
2University of Zagreb, Trg Republike Hrvatske 14, 10000, Zagreb, Croatia
13 California State University, Los Angeles, Los Angeles, California 90032, USA
14SUPA School of Physics and Astronomy, University of Glasgow, Glasgow GI12 8QQ, UK
151 awrence Berkeley National Laboratory, Berkeley, California 94720, USA
lﬁArgonne National Laboratory, Lemont, Illinois 60439, USA
" Temple University, Philadelphia, Pennsylvania 19122, USA
18 University of Virginia, Charlottesville, Virginia 232904, USA
19Um'versity of Tennessee, Knoxville, Tennessee 37996, USA
207stituto Nazionale di Fisica Nucleare, Dipt. di Fisica dell Univ. di Catania, 1-95123 Catania, Italy
21Syracuse University, Syracuse, New York, 13244, USA
22 Mississippi State University, Mississippi State, Mississippi 39762, USA
B Christopher Newport University, Newport News, Virginia 23606, USA
X Institut de Physique Nucleaire, 15 Rue Georges Clemenceau, 91400 Orsay, France
25 Dalhousie University, Nova Scotia, NS B3H 4R2, Canada
2Florida International University, Miami, Florida 33199, USA
210hio University, Athens, Ohio 45701, USA
28 stituto Nazionale di Fisica Nucleare - Sezione di Roma, Ple Aldo Moro, 2 - 00185 Roma, Italy
29 University of Connecticut, Storrs, Connecticut 06269, USA
30Tl Aviv University, Tel Aviv-Yafo, Israel
3L Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
32North Carolina Central University, Durham, North Carolina 27707, USA
33CEA Saclay, 91191 Gif-sur-Yvette, France
34Ecole Centrale Paris, 3 Rue Joliot Curie, 91190 Gif-sur-Yvette, France
35 Kharkov Institute of Physics and Technology, Kharkov 61108, Ukraine
36Boston University, Boston, Massachusetts 02215, USA
37Rana’olph Macon College, Ashland, Virginia 23005, USA


https://orcid.org/0000-0002-5658-1065
https://orcid.org/0000-0002-0301-2176
https://orcid.org/0000-0002-2160-9814

11

12

13

14

15

16

17

18

38 Cairo University, Cairo, 12613, Egypt
Virginia Polytechnic Inst. & State Univ., Blacksburg, Virginia 234061, USA
40Stony Brook, State University of New York, New York 11794, USA
H Cornell University, Ithaca, New York 14853, USA
42 University of New Hampshire, Durham, New Hampshire 03824, USA

8 Columbia University, New York, New York 10027, USA

“University of Manitoba, Winnipeg, MB R3T 2N2, Canada
45AANL, 2 Alikhanian Brothers Street, 0036, Yerevan, Armenia
46Rulgers University, New Brunswick, New Jersey 08854, USA

4T Duke University, Durham, North Carolina 27708, USA
B Norfolk State University, Norfolk, Virginia 23504, USA
49Saint Mary’s University, Halifax, Nova Scotia B3H 3C3, Canada
S0Rensselaer Polytechnic Institute, Troy, New York 12180, USA
SUFaculty of Mathematics and Physics, University of Ljubljana, 1000 Ljubljana, Slovenia
52Shandong University, Jinan, China
3 Duquesne University, Pittsburgh, Pennsylvania 15282, USA
54Huangshan University, Tunxi, Daizhen Rd, China
STsinghua University, Beijing, China
S University of Science and Technology of China, Hefei, Anhui 230026, China
(Dated: February 10, 2022)

We present new precision measurements of the elastic electron-proton scattering cross section for momentum
transfer (Q?) up to 15.75 (GeV/c)?. Combined with existing data, these provide an improved extraction of the
proton magnetic form factor at high Q% and double the range over which a longitudinal/transverse separation of
the cross section can be performed. The difference between our results and polarization data agrees with that
observed at lower Q? and attributed to hard two-photon exchange (TPE) effects, extending to 8 (GeV/c)? the
range of Q2 for which a discrepancy is established at >95% confidence. We use the discrepancy to quantify the
size of TPE contributions needed to explain the cross section at high Q2.

PACS numbers: 25.30.Bf, 13.40.Gp, 14.20.Dh

Elastic electron scattering is a key process used in studies of 1
matter across a wide range of energy scales and in many sub- 20
fields of physics. In the one-photon exchange approximation
(OPE), first calculated in Ref. [1], the differential electron- 2
nucleon elastic scattering cross section, do(6,)/d<Q,, is the 2
product of the cross section for a structureless object and a 24
structure-dependent term that depends on the Sachs magnetic 2
and electric form factors [2], G,,(Q?) and G, (Q?), which en- ,
code the spatial distributions of magnetization and charge in .,

the proton: 2
29

dG(Ge) _ dGM(m TG}%{(QZ)—FSGE(QZ) (1) 30

aQ,  dQ, e(1+71) ' 3

32

In Eq. (1), 6, is the scattering angle of the electron, .,
do,,,,/dQ. is the cross section for scattering of an electron ,,
with incident (scattered) energy E, (E.) from a structureless
target, Q° = 4E,E! sin’(6,/2) is the negative four-momentum
transfer squared, € = [1+2(1+ 7)tan?(6,/2)] ~!is the vir- »
tual photon polarization parameter, and T = Q?/4M2. The *
structure-dependent term is isolated in the reduced cross sec- 3

tion, w0

0, =1G.(Q")+eG2(Q*) =0, +¢€0, “
=G2(Q%)(t+€eRS(Q%)/ud), ) 4

44
45
46

* Contact person, bogdanw @jlab.org p

where o, and o, are the longitudinal and transverse contribu-
tions to the cross section, respectively, RS = (.quE/GM)z is
the normalized Rosenbluth slope, and t,, is the proton mag-
netic moment. The form factors can be extracted using mea-
surements at fixed Q? but different values of &, corresponding
to different electron scattering angles. A linear fit to measure-
ments of o, (€) yields an intercept of 6,(e¢ =0) = ’L‘Gfl, and
aslope of doy, /de = Gi. This method is commonly known as
Rosenbluth or Longitudinal/Transverse (L/T) separation.

Pioneering measurements of elastic electron-proton scat-
tering by R. Hofstadter [3] confirmed the theoretical expec-
tation of linear dependence of o, as a function of &, which
supported the use of the OPE approximation. Theoretical
studies of the effects beyond OPE were performed soon af-
ter that [4, 5]. Early experimental searches using recoil proton
polarization [6] and lepton charge asymmetry [7, 8] failed to
find significant deviations from the OPE approximation. A
number of precision measurements, including one in Ref. [9],
extended linearity tests up to Q>= 3 (GeV/c)? and demon-
strated that G, and G,, both approximately follow the dipole
form G, = (1+Q2/A%) >, with A2 = 0.71 GeV?, yielding
form factor scaling: u,G,/G,,~ 1. At larger Q? values, T en-
hances the contribution from G/%4 to the cross section, making
it difficult to extract Gi_. Analyses at higher Q> values [10, 11]
extracted G,, under the assumption that RS = 1, and found
that Q*G,,(Q?) was Q?-independent above 10 (GeV/c)?, con-
sistent with pQCD predictions [12].

The reduced sensitivity to Gi at high Q? in the Rosen-
bluth method motivated the use of double polarization observ-
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ables [13], for which the OPE formalism was developed inios
Refs. [13—16]. Polarization measurements are directly sensi-ior
tive to the ratio G,/G,,, but not to the individual form fac-ie
tors. About 20 years ago the first precision measurements Ofioo
G,/G,, for Q* up to several (GeV/c)?> were performed usingino
the polarization transfer method [17] and a novel effect wasiu
discovered: the form factor ratio (FFR) extracted from polar-,;,
ization data decreased dramatically with Q% [17-19]. 113

The decrease of the FFR with increasing Q?, an unexpectedius
effect, implied a significant reduction of G, with theoreticaliis
explanations ranging from the role of quark orbital momen-is
tum [20] to the effect of the diquark correlation in the nucleonisr
ground state [21]. In addition, the difference between the FFRus
extracted from the polarization measurements and from theuo
cross section results was surprising, and requires deeper un-izo
derstanding. This difference is referred to henceforth as theix
form factor ratio puzzle (FFRP). 122

A reanalysis of the world data on RS [22], and new mea-123
surements of RS values with both scattered electron detec-124
tion [23] and recoil proton detection [24], confirmed withizs
improved precision the original observation of form factoris
scaling, enhancing the FFRP. Assuming that there are no un-1»
expected errors with the now extensive body of Rosenbluthis
and polarization measurements, and that the radiative correc-iz
tions (RC) applied are complete (except for the excluded hardis
TPE contributions), the only remaining explanation withins
the Standard Model is two-photon-exchange (TPE) or higher-1s.
order corrections. The hard TPE contributions are defined:ss
in this context as the TPE terms omitted in conventionaliss
radiative correction procedures which include only the IR-i3
divergent terms, meaning that the definition of hard TPE de-1s
pends slightly on the RC prescription [25]. 137

An analysis of world data found that non-linearities in theuss
reduced cross section as a function of €, indicating deviationsiso
from the OPE picture, were extremely small [26], althoughiso
the lack of non-linear contributions does not rule out a change.
to the slope that could explain the FFRP. At large Q? values, .,
where the slope arising from G125 is small, even a tiny change.,;
of RS can modify the extraction of G,/G,, significantly. 144

TPE cross section contributions have the opposite sign foruss
electron and positron scattering, making a comparison of e* -1
p and e -p scattering one of the most direct tests for TPE. A
global re-examination of electron/positron scattering compar-iss
isons in 2003 showed evidence for TPE [27] at low Q? val-us
ues. After 2010, new experiments were performed to improveiso
the precision and extend the kinematic range of these compar-is:
isons [28-30], observing clear hard TPE in the ratio of e™-pus:
and e~ -p elastic scattering up to Q> ~ 2 (GeV/c)?. Finally, the:ss
contribution of TPE to polarization transfer observables wasiss
found to be small [31], as predicted by calculations [32-34].1ss
Given this empirical understanding, the discrepancy (FFRP):se
is taken in our study as a measure of the TPE impact on the,,
cross section, as in Refs. [22, 35, 36]. 158

While most examinations of the FFRP focus on hard TPE, s
any €-dependent correction would contribute to the discrep-iso
ancy, leading to new examinations of the full radiative cor-is:
rection procedures [25, 37, 38]. The most recent and com-ie:
plete update [38] was applied to SLAC data [9, 39], yielding:es

a reduced discrepancy still providing a clear confirmation of
the FERP for Q* from 4-7 (GeV/c)?>. Notwithstanding these
experimental and theoretical efforts, a full calculation of the
TPE contribution is still not available mostly due to its depen-
dence on the hadron structure of the intermediate states (see
reviews [40—-42]).

This work provides new experimental data at very large Q?,
addresses the significance of the FFRP at much higher values
of Q7 than previously investigated, provides reanalyzed RC
for six previous experiments, and improves the precision of
experimental constraints on TPE effects in elastic e-p scat-
tering. Our new low-¢ data, combined with existing high-€
measurements [10, 11, 39, 43], provide new Rosenbluth sep-
arations of G,and G,, above 7 (GeV/c)? and significantly im-
proved precision in the extraction of G,,. Our new data also
provide an important baseline for high-Q? measurements en-
abled by the 12 GeV upgrade at Jefferson Lab, where pre-
cise knowledge of the elastic cross section is needed for ex-
perimental normalization and cross checks, and as input to
the broader program of high-Q? proton and neutron structure
measurements.

This experiment, referred to hereafter as GMp12, was per-
formed in Hall A of Jefferson Lab using the basic suite of
experimental instrumentation [44]. A 100% duty-factor elec-
tron beam with current up to 68 yA and energy from 2.2 to
11 GeV was incident on a 15-cm long liquid hydrogen tar-
get. The target operated at a temperature of 19 K, a pressure
of 25 psia, and a density of 0.0732 g/cm?. The hydrogen tar-
get was complemented by a “dummy” target consisting of two
aluminum foils, used to measure and subtract events originat-
ing from the entrance and exit windows of the hydrogen cell.
The target density reduction with increasing beam intensity,
due to localized boiling of the cryogen, was found to be 2.7%
per 100 uA, [45], with an uncertainty in the variation across
the current range of the experiment of 0.35%

The energy of incident electrons was determined using the
Hall A ARC energy measurement system, [46], which mea-
sures the field integral of the dipoles which bend the beam
through 34.257 degrees from the accelerator into Hall A.
These results were cross checked with spin precession stud-
ies and beam energy measurements in Hall C. The uncertainty
in the beam energy was found to be less than 0.1% for all kine-
matics [47]. The beam current was measured by beam charge
monitors (BCMs) [48], which were calibrated against a well-
understood Unser monitor [49]. The uncertainty on the beam
current and accumulated charge was defined by the accuracy
of the BCM calibration. An absolute uncertainty of 0.06 ©A
stems from the current source utilized to calibrate the Unser
monitor. The latter results in an uncertainty of 0.1% at a cur-
rent of 65 (A, utilized for most of the GMp12 kinematics, and
up to a maximum of 0.6% for the lowest current of 10 uA.

The scattered electrons were detected in the left and right
Hall A High Resolution Spectrometers (LHRS and RHRS, re-
spectively), with the central momentum of the spectrometers
set to detect elastically scattered electrons. The HRSs have a
solid angle acceptance of 6.0 msr, momentum acceptance of
+4.5%, intrinsic momentum resolution of 2.5 x 10~4, and an-
gular resolution of 0.6 mrad. The primary trigger was formed
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as a coincidence of signals in the front and back scintilla-
tor planes (separated by two meters) and the gas Cherenkov
counter. The trigger efficiency was monitored using a sam-
ple of triggers that required only two of these three signals.
For this experiment, the tracking system in each HRS was up-
graded by adding a three-layer straw tube drift chamber to
allow accurate determination of the track reconstruction effi-
ciency [50]. The particle identification detectors included a
two-layer shower detector and a gas Cherenkov counter with
enhanced light collection efficiency by means of a wavelength
shifter [S1]. Dead times of the trigger counters, front-end
electronics, and DAQ were constantly measured using pulser
generated events [45, 52]. The uncorrelated systematic un-
certainty of the GMp12 cross section data is 1.2-1.3%, while
the overall normalization uncertainty is 1.6% (2.0%) for the
LHRS (RHRS) data. A more detailed breakdown and discus-
sion of the main systematic uncertainties is presented in the
supplemental material [53].

Full simulations of the incident electron-target interaction
and the electron trajectory through the HRS magnets and de-
tectors were performed for each kinematic setting using an
updated version of the magnetic optics Monte Carlo code [54]
incorporating the HRSs. The event distributions in the detec-
tor package were compared with the simulated data and used
to fine-tune the model of the HRS optical transport. Radiative
processes were implemented using the approach built into the
Monte Carlo simulation, described in Ref. [55], based on an
updated implementation [9] of the RC formalism of Ref. [56].
The resulting cross section values from GMp12 were then ad-
justed to account for the difference between the prescrlptlon o
above and the RC calculation of Refs. [25, 37, 38] which has o
the most accurate evaluation of the internal and external radl— .
ation. This is essential for the analysis in the present work, as__
it resolves some of the discrepancy seen in past compansons s
based on older radiative correction procedures. e

The kinematics and reduced cross section results from the
GMp12 experiment are shown in Table I.

We combine our results with cross sections from several
JLab and SLAC experiments [9-11, 23, 39, 43] spanning a,,
Q? range of 0.4-31 (GeV/c)? in a global fit of the Q? and €,
dependence of the elastic cross section using Eq. 2. These ex-,,
periments, comprising 121 kinematic points, were chosen be-231
cause the publications provide sufficient information on their,,,
RC procedures and cutoffs to allow us to self-consistently,,,
implement the RC modification [38]. The normalizations of,,,
the data for the individual experiments were allowed to vary,_
based on their quoted normalization uncertainties, except for
the data of Ref. [23], which cover a wide range of Q? with the
best accuracy. The cross sections were fit in terms of G,, and
RS with the following simple parametrization:

226

Gy =upy (1 +art)/(1 4 b7+ byt* + b3’L’3),
RS =1+ 17+ 7.

241
(3)2e2

243
The fit gives x> = 88.7 for 107 degrees of freedom; the param-24
eters and uncertainties are given in Tab. II. The cross sectionzss
database and the full covariance matrix of the fit parameterszss
are given in the supplemental material [53]. 207

TABLE 1. Kinematics and reduced cross sections for GMpl2,
with statistical and point-to-point systematic uncertainties added in
quadrature. Points labeled with an asterisk (*) were taken with the
RHRS. There is an additional 1.6% (2.0%) normalization uncertainty
for the LHRS (RHRS) data.

E, 6. Q? € o, (Eq.2)

(GeV) | (deg) |(GeVic)?

2.222 | 42.001 | 1.577 | 0.701 | (4.2734£0.040) x 102
2.222%| 48.666 | 1.858 | 0.615 | (2.98340.057) x 102
6.427 | 24.250 | 4.543 | 0.826 | (3.813+0.057) x 103
6.427 | 30.909 | 5.947 | 0.709 | (1.805+0.025) x 103
6.427 | 37.008 | 6.993 | 0.599 | (1.113+0.016) x 103
6.427 | 44500 | 7.992 | 0.478 | (7.28940.109) x 10~*
8.518 | 30.909 | 9.002 | 0.648 | (5.16340.078) x 10~*
6.427*| 55.900 | 9.053 | 0.332 | (4.85940.107) x 10~*
8.518 | 34.400 | 9.807 | 0.580 | (3.923+0.059) x 10~*
8.518%| 42.001 | 11.19 | 0.448 | (2.565+0.041) x 104
8.518"| 48.666 | 12.07 | 0.356 | (1.93340.043) x 104
8.518"| 53.501 | 12.57 | 0.301 | (1.664=40.053) x 104
10.587 | 48.666 | 15.76 | 0.309 | (8.405+£0.227) x 1073

TABLE II. Fit parameters and uncertainties (Eq. 3)

a) b] b2 b3 C1 2
0.072(22) 10.73(11) 19.81(17) 4.75(65) -0.46(12) 0.12(10)

Figure 1 shows the global fit to G,, along with the values
extracted from individual cross section measurements using
the fit to RS(Q?) to extrapolate to € = 0. Our new data reduce
the high-Q? uncertainties on G,,in the global fit by > 30%.

We also performed direct Rosenbluth separations by group-
ing together points with similar Q? values, as indicated by the
boxes in the top panel of Fig. 1. The normalization resulting
from the global fit was applied to each data set, modifying the
cross sections from Table I, and the data in each Q2 bin were
interpolated to a common Q? value using the global fit [53].
G.and G,, were then extracted from a linear fit to the € depen-
dence of oy for each of the seven Q2 bins. The results of this
extraction are given in Table III. Figure 2 shows v/RS (yield-
ing u,G,/G,, in the OPE) from our global analysis, along with
a fit to the polarization data.

While it is conventional to compare measurements by
showing VRS = upG,/G,,, it is more correct to use RS which
is the observable most directly extracted from the cross sec-
tions. Our quantitative comparisons of the FFRP use RS, as
detailed in Ref. [53]. We find that the cross section data, us-
ing the best available radiative corrections but excluding hard
TPE contributions, show a 20 discrepancy with the polariza-
tion data up to 8 GeV? (16 up to 14 GeV?).

Accommodating this discrepancy at large Q> values re-
quires a TPE contribution that reduces the cross section by
~4% at € = 0, assuming a linear € dependence and a vanish-
ing TPE contribution at € = 1, as detailed in the supplemen-
tal material [53], which includes Refs. [57-73]. The cross
section has a ~2% variation over the typical € range of the
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FIG. 1. (Top) Kinematics of elastic e-p data, Refs. [9-11, 23, 39, 43]
and this work, used in the global fit and Rosenbluth separations;
boxes (1-7) indicate the groupings of points for the Rosenbluth sepa-
rations. (Bottom) Effective proton magnetic form factor, normalized
by the standard dipole t,G,,, obtained from the cross section mea-
surements. The curve shows the result of our global fit, with the gray
shaded area indicating the 68% confidence interval.

data. This is qualitatively consistent with some high-Q? cal-
culations [33, 41] that predict large deviations from linear €
dependence which, however, are most significant below the
€ range of the current data. Note that without the updated
radiative corrections applied in this analysis, the discrepancy,
would have required TPE with a ~6.5% linear € dependence,
consistent with previous estimates [22, 74] based on analyses

of data at lower Q? values using the older RC procedures.  *"

271

272

In summary, the e-p elastic scattering cross section waszrs
measured for beam energies in the range of 2.2 - 11 GeV andzs
Q? up to 15.75 (GeV/c)®>. These new, high-precision crosszrs
sections provide an important baseline for the future protonars
and neutron structure investigations in the Jefferson Lab 127
GeV program. Our data were combined with existing crosszrs
section measurements [9—11, 39, 43] to perform Rosenblutha
separations in a new Q” regime. The observed difference be-0
tween the measured Rosenbluth slope and the OPE expecta-ze:
tion, based on G./G,, from polarization data, would be re-2s
solved with a ~4% contribution to the cross section from hardass
TPE up to Q%> = 8 GeV?, with no indication of significant Q2
dependence at large Q? values. 285
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FIG. 2. Direct Rosenbluth separation results for v/RS ( = upG,/G,,
in OPE). The black solid (red dashed) curve shows the results of our
fit to the cross section data with (without) the new GMp12 data. The
blue dot-dashed curve shows p,G,/G,, from a fit to the polarization
data [53]. The shaded bands show the 68% confidence intervals of
the respective fits. We plot —/|RS]| for the highest Q? point (an
open circle), where RS < 0.

TABLE III. Rosenbluth separation results for the data groupings
shown in the top panel of Fig. 1, after centering to the average Q%.
The quoted values of ¢, and o, as defined in Eq. 2, and G,, /(1,G,,)
and u,G,/G,, are obtained assuming validity of the OPE approxima-

tion. For the largest Q?, where o, <0, we quote —4/|RS|.

Q2 o, x10° | o, x10° | G,/(u,G,) | wu,G,/G,
(GeV/c)? (OPE) (OPE)
5994 | 167+4 | 7.1+4.6 | 1.000+0.011 | 0.75 £0.25
7.020 | 10443 9.3+£53 |0.967+0.015 | 1.18 +0.35
7.943 | 71.0£2.7 | 4.1+£39 |0.943+0.018 | 1.0£05
8.994 |498+1.7| 0.74+3.0 |0.934+0.016| 05+1.2
9.840 |36.94+24 | 1.9+35 |0.909+0.029 | 1.1+1.0
12249 | 18.04+0.8 | 12+1.8 |0.858+0.019| 1.3+ 1.1
15721 | 8.6+0.5 | —0.24+1.2 | 0.840+£0.025 | (-0.9 +2.8)
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