RAPID COMMUNICATIONS

Implications of the discrepancy between proton form factor measurements

PHYSICAL REVIEW C 69, 022201R) (2004

J. Arrington
Argonne National Laboratory, Argonne, lllinois 60439, USA
(Received 15 September 2003; published 12 February)2004

Recent polarization transfer measurements of the proton electromagnetic form factors yield very different
results from previous Rosenbluth extractions. This inconsistency implies uncertainties in our knowledge of the
form factors and raises questions about how to best combine data from these two techniques. If the discrepancy
is due to missing corrections to the cross section data, as has been suggested, then the true form factors, related
to the proton structure, differ from the form factors that parametrize the deviation from point scattering, and
different applications will require the use of different form factors. We present two extractions of the form
factors: a global fit to the world’s cross section data, and a combined extraction from polarization transfer and
cross section data. The former provides a parametrization of the elastic electron-proton cross section. The latter
provides a consistent extraction of the underlying form factors, under the assumption that missing terms in the
radiative correction explain the difference between the cross section and polarization transfer results.
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The proton electromagnetic form factd®& and Gy pa-  bluth separation of cross section data witit represent the
rametrize deviations from a point particle in elastic electron-underlying structure of the proton, but thegll parametrize
proton scattering, and are related to the charge and magnethe elastic electron-proton cross section in the usual one-
zation distribution of the proton. The form factors dependphoton approximation. Conversely, the true form factors will
only on Q?, the square of the four-momentum transfer, andnot yield the correct cross sections, and will thus give incor-
until recently it was believed that the electric and magnetidct results if used as a parametrization of the elastic cross
form factors showed approximate scaling, i.e., nearly identiS€ction in data analysis. _ _
cal Q? dependencél]. More recent Jefferson Lab measure- If the two—phloto.n exchange term exp[ams the discrepancy,
ments [2—4] utilized the polarization transfer technique to then the polarization transfer result will relate to the true
measure the ratiGg/Gy, and found thaGg decreases more [0M factors, assuming that the two-photon exchange has a
rapidly thanGy, at largeQ2. The polarization transfer mea much smaller effect on the polarization transfer than on the

M . = . . . . .
, S Rosenbluth extractions. However, the existing polarization
surements are more precise at high and significantly less . B ' ,
sensitive to systematic uncertainties than the Rosenblut fansfer experimenti2—4] have extracted the ratiGe/Gy,

i ts. H the two techni di ther than the individual form factors. To extract the form
Separation measurements. However, tn€ two (echniques Cigs . s these data must be combined with cross section mea-
agree significantly even in the region where both yield pre

; surements to determine the absolute magnitudeSgoand
cise results. _ . _ Gy. If the two-photon exchange correction modifies the
At the present time, it is not known why the techniquescross sections from those calculated from the underlying
give different results. The systematic uncertainties of the poform factors, then it is not possible to consistently combine
larization transfer measurements, primarily spin transporihe two kinds of measurements without some assumption
and backgrounds, have been carefully studig§dA detailed  about the two-photon exchange correction.
global analysis of the cross section measuremgsitsloes In this paper, we present two extractions of the proton
not show any inconsistencies in the cross section data sets, fgrm factors. From a global analysis of cross section mea-
yield any likely candidate to explain the discrepancy. To re-surements, we extract the “Rosenbluth form factors.” From a
solve the discrepancy, a systematic error in the cross sectiabmbined analysis of cross section and polarization transfer
would have to have a significant dependence on the virtuadata, with a “minimal” assumption about the nature of the
photon polarization s, &™'=1+21+Q%/4M2)tarf(6./2),  two-photon exchange corrections, we extract the “polariza-
whereM, is the proton mass an is the electron scattering tion form factors.” If two photon corrections are the source
angle. Such a systematic error would have to yie{8-a7)%  of the discrepancy, then the Rosenbluth form factors will
¢ dependence in the cross section, roughly lineak,inn parametrize the elastic cross section, and are therefore useful
order to resolve the discrepancy. as input to analysis or simulations that require the electron-
There appear to be two possibilities: either a fundamentagbroton cross section. The polarization form factors will pro-
flaw in the Rosenbluth or polarization transfer formalism, orvide the true form factors, which relate to the underlying
an error in either the cross section or polarization transfestructure of the proton. These form factors are often de-
measurements. Recent works have suggested that additiorsgribed as the Fourier transformations of the charge and
radiative correction terms, related to two-photon exchangenagnetization distributions of the proton in the Breit frame,
corrections, may lead to an error in determining the formalthough relativistic effects and the fact that each valu@%of
factors from the measured cross sectipns9]. If the two-  corresponds to a different Breit frame lead to substantial the-
photon exchange mechanism, or some other correction that gretical difficulties in extracting charge and magnetization
neglected in the cross section extraction, is the source of theistributions[10].
discrepancy, then the form factors extracted from a Rosen- The Rosenbluth form factors are determined from a global
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fit to elastic electron-proton cross section measurements. The
details of the fitting procedure are described in R&f. For

the present analysis we include more recent Jefferson Lab
measurements of elastic scatterififl—13, as well addi-
tional data sets to constrain the l&@f behavior[14—17 to

the data sets used in R¢6,18]. In addition, we include all

of the highQ? data, up to 30 Ge¥/ while the previous analy-

sis was limited to 8 Ge¥ The older data have updated ra-
diative corrections, and the small-angle data from Watker

al. [1] are excluded, as described in Rg]. The form fac-

tors are fit to the following form:

Ge(Q?), (@) =[1 +paQ2+ psQ*+ -+ + pn QAT Y, B e e R
(1) Q® [GeV?]

G,/ w Gy

where u, is the magnetic dipole moment of the proton and_ FIG. 1. (Color onling Th(_e “Rosenbluth_form factors{solid
Q2 values are in Ge¥ Reasonable fits are achieved for line) for Ge and Gy relative to the dipole form:Gp=[1
N=3. Note that this is a different functional form than *@/Mb]™ Mj=0.71 GeV. The dot-dashed line is the previous
used in previous fit§6,19,2d, which used polynomials in fit to Rosenblgth extr.acted form factors from RE20], and the
q:\‘;az_ The polynomial inq is a very general form, with da§hed curve is the f_|t @), from Ref.[19], v;nth the form factor
adequate flexibility to reproduce the data, but does nofatio constrained to give,Ge/ Gy =1-0.13Q°-0.04.

have the proper behavior &¥— 0.

The fit is quite insensitive to the order of the polynomial
aboveN=6, except foiGg at largeQ?. For Q? above 6 GeY,
fits with nearly identicaly? values can hav&g/Gy, either
rise or fall dramatically withQ?. This is a result of the re-
duced sensitivity toGg and the limitede coverage forQ?
values above 6 G/ To avoid unreasonable behavior in the
region whereGg is unconstrained by data, we keep thtio
Ge/ Gy, fixed for all Q? values above 6 GEV/This leads to a

vative in estimating their uncertainties. Table | lists the pa-
rameters for the Rosenbluth form factors. The fit includes
cross sections fof? values from 0.005 to 30 Géy and
should be valid over this range, though the separatioBgof
and Gy is only well constrained by the data foR?
=6 Ge\2

The normalization factors were generally smaller than the
quoted scale uncertainties of the experimems=18.0 for
27 normalization factojs The average normalization factor

fit for Gg which is continuous, but not smooth, &2 ; 0 A : 0

=6 Ge\2. BecauseSg has relatively little contribution to the IS 0'65./0’ _and the rms normalization factor is 2.'7/0'.The
total cross section at these momentum transfers, the Croggrmallzatlon faqtors are very close to th(_)se _obtamed in the
section extracted is still quite smooth, and the valuGgft previous global fif6]. The average normalization factor dif-

. o e o
large Q? values has little effect on the cross section, as Iong{i%rrs] fgﬁtifsré})%g]éﬁel}/egéstﬁ’énaqg /trf]c?r Tg'\gfd?ha; ggrgflh;ﬁ_
as the fit is constrained to avojg,Gg| >|Gy|. y 0 p

The normalization factor for each data set is allowed toments. Because the previous fit excluded data be@w

vary along with the parameters of the fitting functions Gy z(?nglggx: t?:thigrtiear:etﬁé ;ggrfa;;ecstorthczgn;r; ng%lz Oself-
and Gy. The totalx from the cross section measurementsthat dominsgtes the determination of the normalization’ fac-
and normalization factors is

tors.
N, (- o7,)? Nexpt (7= 1)2 We can test the self-consistency of the individual data sets
o=, gi 0“2‘ + > -, (2) by comparing the global fit to the results of single-
i-1 (doy) -1 (dmy) experiment extractions oBz and Gy,. By comparing only

) ) the single-experiment extractions, we avoid the potentially
whereo; anddo; are the cross section and erf@xcluding  |arge and correlated uncertainties that arise from the relative

normalization uncertaintiggor each of theN,, data points, normalization of different data sets. Comparing the ratio
7; is the fitted normalization factor for thgh data set, and

d7; is the normalization uncertainty for that data set. We fit  TABLE I. Fit parameters for the Rosenbluth form factors, using
to 470 data pointgN, =443, Nex,=27) with 39 parameters the parametrization of Eq1).
(six parameters each for the electric and magnetic form

factors, and 27 normalization paramejers Parameter Gg (Rosenbluth G/ up (Rosenbluth
The result of the global fit to the cross section data is

shown in Fig. 1. The fit yields a totay? of 326.7 for 431 P2 3.226 3.19
degrees of freedom, yielding a reducg®] x>=x?/Ngos, Of P4 1.508 1.355
0.758. This yields an unreasonably high confidence level, Pe -0.3773 0.151
indicating that the quoted uncertainties of the measurements  pg 0.611 -1.14 1072
are too large. As was observed in the previoug@it the Pio -0.1853 5.3% 1074
majority of the data sets, 20 out of 27, have valuegpf 1, Pis 1.596x 1072 ~9.00x 1078

indicating that most of the experiments were overly conser
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creases, and the uncertainties in the cross sections grow,
reaching 10% aQ?=25 Ge\~.

Even with the uncertainty related to the discrepancy be-
tween Rosenbluth and polarization transfer, this fit yields a
precise parametrization of the elastic cross section in the
one-photon exchange formalism. While these may not be the
underlying form factors of the prota.g., if there are miss-
ing radiative correction termsthis is still the appropriate
parametrization to use as input to a calculation or analysis
that requires the elastic cross section. Using the form factors
derived from the polarization transfer technique will not
yield the correct cross section, even in a combined analysis
, of Rosenbluth and polarization transfer such as performed in
w 40 10 Refs.[6,19. More importantly, annconsistenitombination

Q* [GeV] of cross section and polarization transfer results can magnify
the error. Combining a parametrization®{, from a Rosen-
bluth analysis with the form factor ratios measured in polar-
ization transfer decreasd&3z, and thus decreases the total
cross section, relative to the best fit to the cross section data,
Ge/ Gy from the fit to the individual experiments, taken from without allowing a corresponding increaseGy,. This leads
Refs.[11,13 and the reanalysis of older experiments pre-to form factors which give cross sections that eéde-10%
sented in Ref[6] yields x?=45.3 for 50 data pointgy? below the measured cross sections at largeer a largeQ?
=17.8 for the 20 points abov@?>=1.5 Ge\A). range(0.1< Q?< 15 Ge\p).

We can estimate the uncertainties in the form factors by While the Rosenbluth form factors yield the best param-
performing direct Rosenbluth separations in sev€abins  etrization for the cross section in the usual one-photon ex-
using the full data set, with normalization factors determinedchange picture, the ratio does not agree with the ratio ex-
from the global fit. For eacty? bin, the data are scaled to the tracted from the polarization transfer technique. For the
averageQ? value of the data points in that bin, using the Iarge'r.Q2 values, the polarization transfer technique is less
global fit as the scaling functiol®? bins were chosen so that Sensitive to knowledge of the kinematics, radiative correc-
there are at least three data points in the bin, shange  tion, and other systematic uncertainties that are important in
covered is at least 0.3, and the correction for scaling eacH'® Rosenbluth separation. _
point to the averag€)? value was<10% (typically <2%). If_thls discrepancy is rel'ateq to a problem in the cross
The scaling was also done using the fits of R¢2€] and section data, then the polarization transfer W|_II yleld_the true
[19], shown in Fig. 1. Varying the scaling procedure changedtie of the form factors, but has to be combined with rc]:_ross
the ratios by<<19%, except for the very highesiowes) Q2 section data to_obtaln botGE and Gy,. We present in this

it here the chan (Gy) W much as 3%. but section a c;omblned ana_1Iy3|s _of the polarlzatlon tra_msfer and
points, where the cha ge Be(Gy) was as much as 57, but o555 gection data, which will yield the polarization form
was still much smaller than the uncertainty in the extracteq,qiors.
form factor. , , In order to obtain a consistent extraction of the form fac-

Figure 2 shows the fits t&g and Gy, along with the o5, we must make an assumption about the nature of the
direct Rosenbluth separation points, using the normalizatioaiscrepancy_ We assume that the difference comes from a
factors from the fit. Except for the very lo®” values, typi-  common systematic error in the cross section measurements.
cal uncertainties orGy, are ~1%, increasing to~2% for  Analyses of this discrepang$,8] indicate that there must be
Q=10 GeV? (8% for Q°=30 GeV?). At low Q?, the experi-  an e-dependent correction d6—7)%, roughly linear ine,
mental uncertainties become quite large, but the constrairfbr 1< Q?<6 Ge\~.
on the behavior a@>— 0 yields a much smaller uncertainty In the combined analysis, we apply a linearlependent
on the fit. ForGg, the uncertainties ar€l—2)% at low Q?,  correction of 6% to all data sets. This is the minimal assump-
but are(5-10% for intermediateQ? values(2—4 GeV?),  tion necessary to make the two techniques consistent, to the
and grow rapidly a®? increases. Note that the uncertaintiesextent that a correction that was not lineargnor which
in Gg and Gy, are highly anticorrelated, due to the way the modified only some of the data sets, would have to be larger.
form factors are separated from the cross section measuré-correction that is nearly linear ia and fairly Q2 indepen-
ments. This can be seen in the anticorrelation of the deviadent is consistent with the form for the two-photon exchange
tion of the points from the fits in Fig. 2. Thus, the uncertaintyterm in the analysis of Ref(7], although the size of the
on the cross sections extracted from this parametrization isorrection in Ref[7] is only ~2%, less than half the size
not just the sum of the uncertainties in the contributions frormecessary to explain the discrepancy.

Ge and G. Up to Q*°~4 Ge\?, there is a large body of We repeat the fit from earlier, but with cross sections
cross section measurements with point-to-point uncertaintiesiodified by the lineae dependence, and with the polariza-
of ~1%. Because the normalization factors are determinetion transfer data included in the fit, as described in Rsit.

in the fit, and the residual uncertainty in the normalization isThe correction to the cross section could either lower the
small, the absolute cross sections should be known to betteross section at large values, or increase it at smallval-
than 2%. AboveQ?=4 Ge\?, the number of data points de- ues:

0.6 ~= T )

FIG. 2. Gy, (top) andGg (bottom) from direct Rosenbluth sepa-
ration utilizing normalization factors from the global fit.
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two-photon correction of this size for largevalues would
appear to be ruled out by the SLAC positron-proton mea-
surementg21], an e-dependent systematic other than two-
photon exchange could also resolve the discrepancy. How-
ever, this fit yields a much worsg? value: 575.1 for 457
degrees of freedom, and so we choose to apply(&gfor

our combined fit.

Note that the result of the combined fitable 1l will not
reproduce the measured elastic cross section in the one-
photon exchange formalism; it will reproduce thedified
cross sections of Eq4). Therefore, the polarization form
factors should not be used to model elastic electron-proton
. i . ; ; : . cross section measurements. However, if the minimal as-
o 1 2 3Q2 [éevz]s e * B8 sumption that a correction consistent with the form of &.

explains the discrepancy, this should yield a consistent ex-
traction of the underlying form factors of the proton.

G,/ w Gy

FIG. 3. (Color onlineg The “polarization form factors’(solid . .
line) for Gg and Gy, relative to the dipole form. The dot-dashed ~ FOrM factors extracted using the Rosenbluth technique

line is the previous fit to Rosenbluth extracted form factors fromprOVide a parametrization of the deviation of the elastic

Ref.[20], and dashed curve is the fit @, from Ref.[19], with the elecf[ron-proton Cross seqtion from th_e_ point-scatte_ring Cross
form factor ratio constrained to giveu,Ge/Gy=1-0.13Q? section. If the cross section has additional corrections, such

~0.04. as two-photon exchange terms, that are not being taken into
account, then the Rosenbluth extraction does not yield the
true proton form factors that relate to the structure of the

oc1=09(1-0.06), (3)  proton. In this caseGe must be extracted from the polariza-
tion transfer measurements, which yietL/Gy,, and the
0= ao[1—0.08e — 1)]=0.940,. (4) cross section data must be utilized to determ@g While

we cannot know how to properly combine the polarization

The first correction is consistent with the form from Rig], ~ transfer and cross section data until we understand the cause
while the second is consistent with the behavior of Rgf. ~ ©Of the discrepancy, the uncertainties @y that arise from
The second form was chosen for the main fit because thEiS problem are much smaller than thoseGp. The same
correction is small at large (small 6,), where comparisons holds true if there is some othgr correction or combination of
of positron to electron scattering from SLAQ1] set fairly corrections to the cross section other than. the two-photon
tight limits on the size of two-photon exchange. exchange(e.g., Coulomb correctionf22]). It is of course

The polarization form factors, from the combined fit to possible that the discrepancy is due to a problem with the

the cross section and the 26 polarization transfer data poin olarization transfer data or technique rather than the cross
. <0 P o P ction data. If so, then the Rosenbluth form factors repre-
from Refs.[2—4] is shown in Fig. 3. The fit yields a totaf

5 . 4 sent both the correct cross section and the correct nucleon
of 391.6 for 457 degrees of freedon,=0.857, including  grycrure. However, there do not appear to be any obvious
the additionaly? contribution for the polarization transfer candidates for problems in the technique, and the experiment
data[Eq. (8) of Ref.[6]]. Table Il gives the fit parameters for should be less prone to systematic uncertainties than the
the polarization form factors. Rosenbluth extractions.

The fit was also performed with the correction of [8). We have presented two extractions of the proton electro-
This leads to an overall rescaling of all of the cross sectionsnagnetic form factors. The Rosenbluth form factors come
by 6%, relative to the correction of E¢). However, this  from a global Rosenbluth extraction of the form factors from
does not yield a simple rescaling of the form factors, becausg|ectron-proton elastic scattering measurements. The polar-
each data set has a normalization factor that is determined iﬂa’[ion form factors come from a combined fit to the cross
the fit, and because the form factors are constrained to repr@ection and polarization transfer data, under the assumption
duce the charge and magnetic momentQat=0. While a  that the discrepancy between the techniques is caused by a

linear, e-dependent correction to the cross sections. The

TABLE II. Fit parameters for the polarization form factors, us- Rosenbluth form factors give a global parametrization of the

ing the parametrization of Eql). elastic electron-proton scattering cross section in the one-
photon exchange approximation. Even if there is a correction
Parameter Gk (Polarization Gwm/ up (Polarization to the cross sections, neglected in the one-photon exchange

formalism, this parametrization will yield the correct cross

P2 2.94 3.00 sections in the one-photon approach. Under the above as-
Pa 3.04 1.39 sumption of an unknown correction to the cross sections, the
Ps —2.255 0.122 polarization form factors yield the underlying form factors,
Ps 2.002 -8.34<10°3 but will not reproduce cross sections, and will therefore yield
P1o -0.5338 4.25 1074 incorrect results if used as input for an analysis that requires
Pi 4.875x 1072 —7.79% 1078 the elastic cross section, as was observed in an analysis of

guasielastic scattering from nuclgil].
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Additional data will help shed light on the origin of the or some other effect on the cross sections, and we have reli-
discrepancy. An improved “Super-Rosenbluth” separatiorable calculations for these effects, then the cross section data
measuremenf23] completed at Jefferson Lab in 2002 will can be combined with the polarization transfer data to extract
yield a precise extraction dbg/Gy, and will determine if  the form factors without ambiguity. These form factors will
the discrepancy can be explained by experimental problemgpresent the underlying structure of the proton and provide a

in the Rosenbluth extractions. A new polarization transfer,sefy| parametrization of the elastic electron-proton cross

experimen{24], approved to run at Jefferson Lab, will pro- gection, as long as the effect is properly accounted for. Until

he discrepancy is well understood, however, both sets of
f8rm factors are necessary, and it is important to use form

higherQ values. If sufficiently improved calculations or di factors that ar¢l) extracted consistently from the cross sec-

e Pl SXShange CotectOlonandlor polazation ansir cats, ) approprite o
' y e problem being addressed.

responsible for the discrepancy, and if so, remove the curren

uncertainty in combining cross section and polarization This work was supported by the U. S. Department of En-

transfer measurements. ergy, Nuclear Physics Division, under Contract No. W-31-
If the discrepancy is explained by two-photon corrections109-ENG-38.

transfer results, as well as extending the measurements
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