RAPID COMMUNICATIONS

Evidence for two-photon exchange contributions in electron-proton
and positron-proton elastic scattering

PHYSICAL REVIEW C 69, 032201R) (2004

J. Arrington
Physics Division, Argonne National Laboratory, Argonne, lllinois 60439, USA
(Received 21 November 2003; published 1 March 2004

The comparison of positron-proton and electron-proton elastic scattering cross sections is a sensitive test for
the presence of two-photon exchange contributions. Thirty years ago, positron data were considered adequate
to set tight limits on the size of two-photon corrections. More recently, these radiative corrections have again
become a matter of great interest as a possible explanation for the discrepancy between Rosenbluth and
polarization transfer measurements of the proton electromagnetic form factors. We have reexamined the elec-
tron and positron scattering data to see if they can accommodate two-photon effects of the size necessary to
account for the Rosenbluth-polarization transfer discrepancy. The data are consistent with simple estimates of
the two-photon contributions necessary to explain the discrepancy. In fact, they strongly favor a large
e-dependent correction to the positron to electron ratio, providing the first direct experimental evidence for a
two-photon contribution to unpolarized lepton-proton scattering.
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Measurements oBg/ Gy, the ratio of the proton electric tempts have been made to find effects that might intro-
and magnetic form factors, from Rosenbluth separation anduce an additionak dependence to the measured cross
polarization transfer techniques yield significantly differentsection, thus modifying the extracted Rosenbluth form
results[1] at large values o©?, the four-momentum transfer factors. Coulomb corrections, when implemented in a
squared. The systematic uncertainties of both the Rosenblugimple effective momentum approximati¢s], do modify
[1] and polarizatior[2] measurements have been studied inthe & dependence of the cross section, but yield a very
detail, and no explanation for the discrepancy in terms ofmall effect compared to the size needed to explain the
experimental problems has been found. If the discrepancy idiscrepancy. For the most part, investigations have fo-
not due to errors in the experiments or analyses, it may incussed on the effect of two-photon exchange corrections
dicate a more fundamental problem with one of the tech{4,6,7] beyond the limited contributions that are already
niques. Until this discrepancy is understood, there will beincluded in the traditional calculations of radiative correc-
large uncertainties in our knowledge of the proton form fac-tions [8-10].
tors. Since the polarization transfer measurements have only While these works have shown that it is possible that a
extracted the rati@Gg/Gy,, cross section measurements aretwo-photon correction could explain the discrepancy, the
still needed to determine the magnitude of the individualonly quantitative calculatiof6] is limited to the elastic part
form factors. So even if it is shown that the polarizationof the two-photon contributions, i.e., the box and crossed-
transfer measurements are correct, and that the problem ®x diagrams considering only the case where the interme-
due to unaccounted for corrections in the cross section medliate state is a proton, and yield only a 2%dependence,
surements, there will still be uncertainties in the form factorgess than half the size necessary to explain the discrepancy.
until we fully understand these correctiof8j. In this work, we reexamine positron measurements that were

Because the discrepancy grows rapidly wi@h, it has  designed to test for two-photon contributions in elastic scat-
typically been assumed that it is a problem with the crosgering in light of the possibility that they may be responsible
section measurements, where a fixed error indh#epen- for the discrepancy.
dence of the cross sections would yield an errdiGa/ Gy)? The effect of two-photon exchange terms can be observed
that grows approximately linearly witQ?. Assuming that in several processes. The imaginary part of the two-photon
the difference is due primarily to missing corrections in theamplitude can, in principle, be measured in polarization ob-
cross section measurements, the discrepancy requires an 8grvables. Measurements of the normal polarizatiy)
ror in thee dependence of the cross sectioneb—8 % for ~ Which is zero in the Born approximation, have been made
1<Q?<6 GeV? [1,3/4. [11-13, but no statistically significant indication of two-

In order for a modification to the cross section to changg?hoton contributions has been seen. Similarly, the asymme-
the extracted form factor ratio, it must modify teedepen-  try Ay has been measured for both elastic and inelastic scat-
dence of the reduced cross section, terings[14,15, again with only null results. Thus far, the

only observations of possible two-photon effects are in the
_doe(l+7) _ G2(Q?) + sGE(Q?) (1) asymmetry of scattering of transversely polarized electrons
CdQ oy Y Q%) +eGe(QY), from protons. These asymmetries are extremely small, of or-

der 10°, and so extremely difficult to measure. However,
where 7=Q?/4M?2 and ¢ is the longitudinal polarization of they have been observed by the SAMPLE experiment at
the virtual photon[e™*=1+2(1+7)tar?(6/2)]. Several at- MIT-Bates[16] and the PVA4 Collaboration at Mairf47].
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However, these polarization observables are related to the 115 b T T Rl R
imaginary part of the two-photon amplitude, while the cross B

section measurements are related to the real part. Therefor: {* I
while these data can be used to test models of the two-photo " 1-10 [

exchange, they do not directly constrain the two-photon con-~~ I

tributions to the unpolarized cross sections, which might ex- %1.05 T

plain the discrepancy. b r l 1( ‘A .‘A ‘ ]

There are two ways to look for the effects of two-photon |, 1 oo -.---: SARRE RN S| T Ll_
exchange corrections in the unpolarized elastic electron- - i l [ | =1
proton cross section. First, one can look for deviations from & — T‘ ]
the lineare dependence in Eql). There are a few Rosen- B . in ]

bluth separation measuremefii8—2Q that cover both large e
and smalle values and have small uncertainti€s—2%. 10
These measurements do not show any significant deviations
from linearity, but they have limited sensitivity because they
have little data belove=0.4 and no data below=0.2. Data FIG. 1. (Color onling The cross section rati®= o/ oe-, as a
from different experiments can be combined to expanckthe function of Q? The experiments are differentiated by color and
range, but normalization uncertainties between different exsymbol: black squaref24], red crosse$25], green solid triangles
periments reduce the significance of such tests, while af22l. blue hollow circles[26], yellow diamonds[27], cyan filled
tempts to normalize across the data §at£1] rely on the  Circles[28], and magenta staf29].
linearity when determining normalization factors. So while
these data set limits on nonlinearities at lazgéhe limits are
less significant at lov¢. In addition, these measurements are  However, the low intensity of the secondary positron
insensitive to two-photon correction terms that are constanteams used in these experiments makes it difficult to per-
or vary linearly withe. Such corrections would modify the form precise measurements where the cross section is small.
extracted values dBg and Gy, without spoiling the linearity Because of this, the data in Fig. 1 are limited to 16
of the Rosenbluth plot. values(<=1 Ge\?) or small scattering anglés >0.7), where
The second approach is to compare positron-proton scathe cross section is large. While the existing data do place
tering to electron-proton scattering. For positron-proton scattight limits on the size of two-photon corrections in some
tering, the interference term between the one-photon antegions, they do not place any limits on two-photon contri-
two-photon amplitudes changes sign, yielding a raflo butions at low & except at relatively lowQ? values
=g(e'p)/ o(ep) =1+4RdB)/A, whereB is the two-photon (<1 Ge\®). So it is still possible that the discrepancy in the
amplitude andA is the one-photon amplitudg22]. The extracted form factors is due to two-photon corrections to the
modification to the electron cross sectionr<4 -2 RéB)/A,  cross sections, if the correction is only large for small
and so any change in the electron cross section will yield/alues.
roughly twice the change iR, but with the opposite sign. In If we assume that the two-photon corrections are respon-
the simplest approximation, one expects an additional factogible for the discrepancy between polarization transfer and
of « in the two-photon amplitude relative to one-photon am-Rosenbluth measurements, we can make specific predictions
plitude, yielding corrections to the electron cross section ofabout how these corrections would impact the positron mea-
roughly 2o¢=1.5%, and to the rati®R of ~3%. Additional = surements, and use this to examine the existing data more
differences come from Bremsstrahlung corrections where€arefully. In order to explain the discrepancy, the effect must
proton recoil is taken into account, but these are included ifncrease the slope of the Rosenbluth plot, and so must in-
the usual radiative corrections. An analysis by Mar and colcrease the cross section at largeslative to the lowe. Based
laborators[22] found these additional differences to be rela-on the size andQ? dependence of the discrepancy, the
tively small, typically less than 1-2% for their kinematics, dependence in the electron cross section must be 5-8%, de-
and to be identical to better than 0.3% in different prescripfpending only weakly oi®?, for Q?=2 Ge\2. It must also be
tions [10,23 of the radiative corrections. reasonably close to linear ig, or else it would introduce
Figure 1 shows the existing data2,24-3Q for the ratio  visible nonlinearities in the Rosenbluth plot. This implies
of positron-proton to electron-proton elastic cross sections afhat the ratioR should have a 10-15% dependence, ap-
a function of Q2. While there is some hint of > depen- proximately linear ine and of the opposite sign as in the
dence, the larg€? data have large uncertainties, and a fit toelectron cross section, i.e., the positron to electron ratio must
the data of the formR=a+bQ’ yields b=0.0085+0.0063, either increase at smadl or decrease at large
less than 1.5 standard deviations from zero. A fit of the ratios Unfortunately, there is very little positron data abd@&
to a constant value yielddR)=1.003+0.005, witrp(fzo.S?, =2, and it covers a very limited range. The data by Maat
which corresponds to a two-photon correction to the electro@l- [22] has four points abov&’=2 Ge\?, yielding (R)
cross sections of-0.15+0.25%. This result has been inter- =1.034+0.024. These data are all at largevalues ((¢)
preted to mean that the two-photon corrections must be even0.88), and so do not exclude significant two-photon correc-
smaller than the naive estimate, limiting the effect on thetions at largeQ?. If the two-photon correction is small at
electron-proton cross section to less than 1%. =0, then a 10-15 % decreaseRmat larges would be nec-
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FIG. 2. (Color onling oe./oe- cross section ratio as a function
of & for the measurements beld@/=2 Ge\~. The solid line is a fit FIG. 3. (Color onling The ¢ dependence of the electron-proton
assuming a linear dependence and r@? dependence to the ratio, cross section as a function G estimated from the discrepancy
and yields a slope of (5.7+£1.8%. The symbols are identical to between cross section and polarization transfer measurements. The
Fig. 1. four curves correspond to four different parametrizations forQhe
dependence. The dependence of the positron-to-electron ratio
should be of opposite sign and approximately twice the size of the
essary to explain the discrepancy, and this is clearly ruled out dependence in the electron cross section.
by the highe data. So any two-photon corrections would
have to increas® (decrease the electron cross sedtiah
low ¢ in order to explain the discrepancy and still be consisthe decrease in the low-cross sections would lead to sig-
tent with the positron data. nificant reductions in the extracted valuesGyf. The extrac-
The positron data with significart range is limited to tions of Gy, are not precise enough to conclude that the cor-
Q?< 2 Ge\~. Figure 2 shows these data as a functioreof rections must go to zero, but they must be significantly
and a significant: dependence can be seen. A linear fit,smaller than the 5% corrections observed at la@fevalues.
neglecting anyQ? dependence, yields slope of5-7+1.8%, Thus, we expect this slope in the positron to electron com-
with x?=11.1 for 22 degrees of freedom. The extremely lowparison to be less than 10%.
X2 indicates that the uncertainties in the data have most likely A global analysis of the cross section and polarization
been overestimated, and that the effect may be more signiffransfer data was used to try and estimate the @vbehav-
cant than indicated by the fit uncertainty. ior. In Ref. [3], a global analysis of the cross section and
The observed increase in the positron to electron ratio apolarization transfer data, assuming a fixed 6%ependent
low & corresponds to an increase of 2.8% in the observegorrection to the cross section, was used to extract the “po-
slope in the Rosenbluth extraction. This implies that thdarization form factors.” A modified version of this global
value ofGg extracted from the Rosenbluth separation will beanalysis was performed, but rather than extractBgand
larger than the true value, while the extrac@g value will Gy with a fixed two-photon correction, we extra@g, Gy,
be smaller. While the 2.8% dependence is only half the size and theQ® dependence of the slope of the lineacorrec-
necessary to explain the discrepancy at la@jevalue, data tions. Several different functional forms were tried, and a
covering a wide range of values are only available at low range of curves, which all gave good fits, are shown in Fig.
Q% The averageQ? value of the data in Fig. 2 is only 3. While the fits were not constrained to go to zero, they all
0.5 Ge\, and the loweKQ? data are generally more precise, Yield a much smaller value &°— 0. When these curves are
making the weighted averag®? value less than 0.4 G&vy  used to estimate the dependence for the correction to the
We can estimate the dependence necessary to explainelectron cross section &°=0.4 GeV/, they yield slopes of
the discrepancy in the form factors at lar@é, but at these  (1.8—3.3%, implying a slope in the positron to electron ratio
low Q? values the polarization transfer and Rosenbluth formof —(3.7-6.8%, in agreement with the observed -5.7%
factors are not precise enough to determine if there is aslope.
inconsistency, and so cannot be used to estimate the size of Thee dependence extracted above assume@hdepen-
the two-photon corrections. A decrease in the size ofsthe dence to the size of the correction, and a simple linear
dependence at loW? could easily yield the slope observed dependence. While it is in agreement with the estimated
in Fig. 2, yet still be large enough to fully explain the dis- dependence from the form factor discrepancy, the estimate
crepancy between polarization and Rosenbluth extractions a¢lied on an extrapolation to lowe®? values. However,
larger Q? values. At largeiQ? values, where the size of the while the above analysis had to make some assumptions
corrections can be estimated from the discrepancy, the effeabout theQ? dependence of the two-photon effects, we can
decreases somewhat @8 decreases, and is approximately also make some significant model-independent statements
5% for Q2=1-2 Ge\~. In addition, the correction must be- from this data.
come smaller for very smafd? values(0.01-0.1 Ge¥), or For the lowe data(e < 0.5(Q?%=0.5 GeV (weighted av-
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erage and (R)=1.049+0.014, clearly demonstrating that nature of the discrepancy. Andependence of the cross sec-
two-photon effects decrease the electron cross section at loti@n, of the form observed in the positron data, is consistent
e and lowQ?. Note that only one point below=0.5 is above with the assumption used in R€fB]. In this case, it was
Q%=1 Ge\?, and it has a positron to electron ratio of assumed that the cross sections were modified by two-photon
1.079+0.046. This is consistent with the 10—12% increas@xchange terms that were zeroeatl, linear ine, and large
that would explain the discrepancy in form factor measure€nough to explain the discrepancy. This assumed modifica-
ments forQ?=1-2 Ge\#, but also only two standard devia- tion to the cross sections was removed to correct for the
tions fromR=1. two-photon effects, with no correction at=1 and a 6%

In addition to the observation of a significastdepen-  increase in the cross sections at smedlir, of Ref.[3]). The
dence at lowQ? values, the data also set significant limits onsize of this correction is such that the Rosenbluth data ap-
possible two-photon exchange corrections at la@ggefor & proximately reproduce the polarization transfer values of
=0.8. ForQ?>1 Ge\?, (R)=1.020+0.015. So the 95% con- Gg/Gy, and the 6% increase in tle=0 cross section yields
fidence region foR at largee is 0.99—1.05, yields limits on & value ofGy that is=3% higher than a direct Rosenbluth
the electron cross section modification of —2.5% to +0.5% €xtraction from the unmodified cross sectidesg., the pa-

To increase the slope of the Rosenbluth plot, they would@metrization of Ref[32] or the “Rosenbluth form factors,”
have to increase the highelectron cross section, and such Of Ref. [3]). _ , ,
an enhancement is limited ta0.5%. A similar combined extraction of form factors in REB3]

The ¢ dependence of the two-photon effects seen here igsed the polarization transfer \{alues 1B6g/Gy to fix the
consistent with the calculations of Ref§,31], which have slope of the reduced cross section, and used the uncorrected

small corrections at large and a significant decrease of the gross S?Ct'onf ;0 EXtrath the _magmtudeﬁ@f%nleM. F;)r a
electron cross section at low. However, it rules out the ata point at=1, the change in the assumed slope of @&3.

form of Ref.[7] as an explanation for the discrepancy be_y@eldg an_increase inlthe extrapolationets 1. of 5_.8 % the
tween polarization and Rosenbluth extractionSefGy,. In S implied by the discrepancy, and so gives similar results
Ref. [7], the authors predict a specificdependence, which to the extraction of Ref{3]. For a measurement at very low
is zero ats=0, and grows rapidly at large If the size of the & the change in sI(_)pe leaves tlee=0 extrapolation un-
correction is made small enough to be consistent with thé:hangeg' So depending on the meavalue of the data in a
constraints from the positron measurements at largiaen ~ 91Ven Q° range, the extracted value @y will be 0-4 %

the two-photon effects at smallervalues will be negligible. Iq;ver n th|sf 1anz;l);/5|s, cc;]mpared to RQﬁ], W|th|a tylplcal
The positron measurements are also inconsistent with thgI erence ot 1-2 %, as tnere are more ata_ at largalues.
Note that both of these combined extractions rely on the

corrections obtained in Ref4], at least given the specific iion that th " h h litt
approximations that the authors use to obtain the two-photoﬁssumIO lon that the two-photon exchange terms have little or
o effect on the polarization transfer results.

effects from the discrepancy in form factor measurements’) e i . . ;
This is the first direct experimental evidence for large

They do not assume single photon exchange, but instead

write a more general expression for the cross section in termtg\’o'phOton corre_ctlons in the uppolarlzed elastic electron-
‘ lized ‘ g 48 al ith proton cross section. The effect is only observed for @
of two generalized form factor&eg and Gy along with a values, and so cannot be directly compared to the two-

third term F3 which is zero in the Born approximation. By photon contributions necessary to explain the discrepancy
assuming that the two-photon contributions are negligible irbetween Rosenbluth and polarization transfer measurements
Gg and Gy, they extract values of,,, a dimensionless pa- of the proton form factors. However, the size andepen-

rameter related to the size Bf, such that the effect of,, dence of these effects are consistent with simple estimates

on the cross section and polarization transfer data resolvé¥S€d on the observed discrepancy, and so this observation
the discrepancy. Under this assumption, the two-photon efSUPPOItS the idea that two-photon contributions may signifi-
fects on the cross section measurements are approximatdfgntly modify the Rosenbluth extraction of nucleon form
proportional toe, and are=5% ate=1 for Q?>1 Ge\2.  factors. , , _
This would yieldR~0.9 for the largeQ? positron measure- Additional comparisons of positron to electron scattering
ments, which is clearly ruled out by the dafsig. 1). It is  OVer a range inQ® and & would provide the most direct

possible that the two-photon effects in th¥is, terms could extraction of these two-photon corrections. With precise

= ~ measurements over an adequate rangeandQ?, we could
bq cgnceled by two-photon .effects that.modFyandGM. I . determine if the two-photon effects can fully explain the dif-
this is the case, the formalism may still allow a connectio

between the two-photon effects in polarization transfer an erence between polarization transfer and Rosenbluth mea-
: P P . urements of the form factors, and could also provide signifi-
cross section measurements, but it is no longer possible

. . € ant data with which to constrain models of the real part of
determine the two-photon terms directly from the extLactlonthe two-photon amplitude. However, at the present time it is

of Y»,, because of the sizable two-photon contribution§¢0  ynclear where such a program could be carried out over the
andGy,. necessary kinematic range, and with the precision needed to
This observation of the form of the two-photon effects canmap out these corrections. In the meantime, the existing data
also be used to assist in the extraction of form factors frontan be used to test calculations of the two-photon effects,
Rosenbluth and polarization transfer data. To have a consignd already are sufficient to rule out approaches with large
tent extraction of the form factors from the cross section anelectron cross section enhancements at largalues. These
polarization data, we have to assume something about thdata also provide information about the size andepen-
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