arXiv:0903.0309v2 [hep-ph] 22 Jul 2009

Improved radiative corrections and proton charge form factor from the Rosenbluth separation technique

Florian Weissbach,^{1, 2} Kai Hencken,^{2, 3} Dirk Trautmann,^2 and Ingo Sick^2 1GSI Helmholtzzentrum für Schwerionenforschung GmbH, D – 64291 Darmstadt, Germany 2Departement für Physik, Universität Basel, CH – 4056 Basel, Switzerland 3ABB Switzerland Ltd., Corporate Research, CH – 5405 Baden-Dättwil, Switzerland (Dated: July 23, 2009)

We investigate whether the apparent discrepancy between proton electric form factor from measurements using the Rosenbluth separation technique and polarization transfer method is due to the standard approximations employed in radiative correction procedures. Inaccuracies due to both the peaking approximation and the soft-photon approximation have been removed in our simulation approach. In contrast to results from (e, e^′p) experiments, we find them in this case to be too small to explain the discrepancy.

PACS numbers: 13.40.-f,14.20.Dh,21.60.-n,29.85.+c

I. INTRODUCTION

Knowledge of the electromagnetic form factors of the proton and the neutron, G_{ep}, G_{mp}, G_{en}, and G_{mn}, is important for an understanding of the inner structure of the nucleon. Until recently the proton form factors G_{ep} and G_{mp} have been determined from e-p cross section measurements using the Rosenbluth technique, i.e. by measuring cross sections at constant momentum transfers Q^2 = −q^2 at forward and backward scattering angles. More recently, the polarization technique has become available for proton form factor measurements; the recoil proton polarization in e.g. ⃗e-p scattering yields the ratio G_{ep}/G_{mp}.

The Rosenbluth separation technique is based on the assumption that the interaction between electron and proton occurs via a single-photon exchange (Born approximation). This assumption leads to an e − p cross section from which G_{ep} and G_{mp} can be deduced as follows [1]. Defining the variable ε as

ε^{−1} ≡ 1 + 2(1 + τ) tan^2 θ 2 , (1)

where τ ≡ −q^2/(4M^2), with M being the proton mass and q the (four) momentum transfer, the e − p cross section in terms of the Mott cross section yields ( dσ dΩ_e ) ep = ( dσ dΩ_e ) Mott

τG^2_{em} + εG^2_{ep} ε(1 + τ)

. (2)

We then define the so-called reduced cross section by

σ_{red} ≡ ( dσ dΩ_e ) ep ε(1 + τ) (_{dσ} dΩ_e ) Mott

. (3)

Inserting cross section (2) into (3), the reduced cross section becomes a linear function in ε [1],

σ_{red} = τG^2_{mp} + εG^2_{ep} . (4)

The slope of this linear function equals G^2_{ep} and its intercept is τG^2_{mp}. Comparing forward and backward scattering, each set of measurements at constant Q^2 yields one data point of the form factors G^2_{ep}(Q^2) and G^2_{mp}(Q^2) at the chosen momentum transfer Q^2.

Cross sections depend on the proton electric and magnetic form factors simultaneously which poses a problem at higher values of Q^2 where the respective contributions of G_{ep} and G_{mp} to the reduced cross section (4) are distributed un-evenly among the two form factors. At e.g. Q^2 = 5 GeV^2, the electric form factor contribution to the reduced cross section is down to 8% and it further decreases with increasing Q^2. Hence the slope of the measured reduced cross section (4) becomes extremely small and thus very sensitive to systematic errors.

Form factor measurements are often parameterised using the so-called dipole form factor

G_d(q^2) = ( 1 1 −^{q2}_{Λ2}

)_2

, (5)

where the term ’dipole’ refers to the two poles of the denominator; Λ is a constant of the order of 1 GeV. To date all Rosenbluth measurements are approximately compatible with scaling, i.e. all Rosenbluth experiments indicate that

G_{ep} ∼ G_d or G_{ep} ∼ G_{mp}/μ_p , (6)

respectively [2, 3, 4], where μ_p is the proton magnetic moment.

In contrast to Rosenbluth measurements, polarization transfer experiments use polarized electron beams or polarized proton targets. In nuclear physics nomenclature they are denoted e.g. as (⃗e, e^′⃗p) reactions. Polarization transfer experiments with maximum values of Q^2 large enough to exhibit a discrepancy with results from

FIG. 1: Feynman diagrams beyond the leading order. M^{(1)}_{Born} and M^{(2)}_{Born} constitute the Born approximation. The latter amplitude includes the internal radiative corrections from vacuum polarization, vertex corrections, and self-energy diagrams; and the external radiative corrections referred to as bremsstrahlung from M_{brems}. Two-photon exchange (tpe) contributions are not included in the Born approximation.

FIG. 2: Proton electromagnetic form factor data [7] for μpGep/Gmp as obtained via the Rosenbluth separation (red circles) and via the polarisation transfer technique (blue dots). The Rosenbluth data indicates scaling (see Eq. (6)) whereas the polarisation transfer data can be fitted linearly according to Eq. (7).

Rosenbluth measurements were carried out at tjnaf in 1998 [5]. They covered momentum transfers from Q^2 = 0.5 GeV^2 to 3.5 GeV^2. By swapping spectrometers and using a calorimeter for electron detection, higher momentum transfers of up to 5.6 GeV^2 became accessible later [6].

According to the polarization transfer measurements the ratio μ_pG_{ep}/G_{mp} decreases approximately linearly with Q^2, reaching a value of 0.2 at Q^2 = 6 GeV^2, in contrast to the scaling behaviour (6) seen in Rosenbluth measurements. A linear fit to the polarization transfer data yields [6]

μ_pG_{ep}/G_{mp} = 1 − 0.13(Q^2 − 0.04) , (7)

shown in Fig. 2, together with the Rosenbluth data. As a consequence of this discrepancy [5, 6] an improved Rosenbluth measurement (called ’SuperRosenbluth’) was carried out at tjnaf [8, 9]. In order to reduce the effects of radiative corrections and other systematic uncertainties due to beam fluctuations, the SuperRosenbluth experiment measured the H(e, p) cross section. In addition, the world Rosenbluth data was re-analyzed [2] as well as the world polarization transfer data, but neither data set revealed internal inconsistencies.

The apparent discrepancy between the proton form factor measurements from Rosenbluth separation technique and from polarization transfer experiments has led to different possible explanations. Most approaches aim to explain the discrepancy in terms of the contribution from the two-photon exchange tpe diagrams (sometimes also called ’box diagrams’, see Fig. 1) [10, 11, 12] which can only be included into the cross section approximately due to inelasticities on the proton side of the two tpe diagrams [2, 10, 11, 13, 14, 15]. Blunden et al. can reduce the apparent discrepancy in G_{ep}/G_{mp} by roughly a factor of 2 when including the proton ground-state only, with the Rosenbluth data moving down towards the polarization data [10]. Further hadronic calculations of the tpe contribution, involving more intermediate states (e.g. the Δ resonance), are model dependent and only valid for small and intermediate values of Q^2, since for larger values of the momentum transfer more and more intermediate states have to be taken into account [16]. Calculations involving all intermediate states can be carried out using generalized parton distributions, relating them to virtual Compton processes on the nucleon. They are valid for values of Q^2 ≈ 1GeV^2 and larger when a virtual photon starts to resolve point-like partons [17, 18, 19].

The Rosenbluth technique is very sensitive to corrections depending on ε and the tpe is such a correction. While the effects from tpe are merely at the level of around 5%, the contribution of G_{ep} is also just a few percent at high Q^2, rendering the impact on G_{ep} much larger. So the effects from tpe correction are magnified considerably by the fact that the slope of the reduced cross section σ_{red} as a function of ε is so small. While the tpe diagrams can usually be neglected in the cross section, they render the Born approximation invalid in the case of the Rosenbluth technique [10], aiming at small values of G_{ep}.

The non-negligible tpe contribution to the reduced cross section (4) destroys its linearity towards small values of ε [10, 16, 20]. But no indications for such non-linearities have been found so far in Rosenbluth measurements. Refs. [21, 25] set limits on the nonlinearities. Ref. [25] does not rule out the non-linearities predicted by some calculations. Howere, these tests do not constrain the linear part of the correction which can modify G_{ep}/G_{mp}. A very clean experimental access to the tpe contribution would be provided by positron scattering. But suitable positron beams with the necessary luminosities are not yet available.

The tpe effect on the Rosenbluth data only providing a partial resolution of the discrepancy raises the question: which other corrections to the reduced cross section exhibit an ε-dependence leading to a sizable effect?

In this letter we study radiative corrections to e-p scattering as a possible source for the discrepancy discribed above. While these radiative corrections are usually approximated we here apply an improved radiative correction procedure to Rosenbluth data in order to evaluate the effect of the approximations on the discrepancy. In Sec. II we introduce radiative corrections to e-p scattering, highlighting the most common approximations used in radiative correction procedures. In Sec. III we sketch an improved correction procedure which partially removes these approximations. In Sec. IV we apply the improved radiative corrections to Rosenbluth data, showing that the approximations usually made in the treatment of radiative corrections to e-p scattering data have little effect on the proton electric form factor as measured in Rosenbluth type experiments.

Full calculations of radiative corrections to order α^1 have already been calculated for radiation originating from the incident and the outgoing electron [22, 23, 24]. But the improved radiative corrections shown here go beyond order α^1.

In accordance with Refs. [22, 23, 24] we find that the improved corrections are small and do not contribute significantly. Even though this is a negative outcome it provides an important clarification, as it has been discussed as a possible explanation for the discrepancy between the two approaches. In addition it was found that the improvement is important in other observables.

II. RADIATIVE CORRECTIONS TO e-p SCATTERING

For practical purposes radiative corrections (see Fig. 1) to e-p scattering data are usually carried out using approximations [13, 26, 27, 28]. While hadronic contributions to the radiative corrections can still be included to a good accuracy, most procedures employ two approximations, the soft-photon approximation (spa) and the peaking approximation (pa) in order to simplify the calculations [28, 29, 30].

The spa assumes that the emitted bremsstrahlung photon has no effect on the hard scattering; this is justified (only) in the limit where the bremsstrahlung photon has vanishing energy ω^0. Consequently, in spa, the cross section for emitting one soft bremsstrahlung photon factorizes into the elastic first-order Born cross section M^{(1)}_{Born}, times the probability for emitting a soft bremsstrahlung photon [31, 32, 33]. This factorization also applies in the case of multi-photon bremsstrahlung [34] where it translates into an exponentiation of the soft-photon contribution to the cross section [28, 31, 32, 35]. The exponentiation of the soft-photon contribution renders radiative correction procedures much more straightforward, considerably simplyfing data analyses [28, 36, 37]. However, in practice the spa is applied to scattering events accompanied by the multiple emission of photons with energies which cannot be considered as ’soft’ photons any more [37].

The pa is based on the spa. It further simplifies radiative correction procedures by assuming that the momenta of all bremsstrahlung photons are aligned with the emitting particles; it was first introduced by Schiff in 1952 [29] for (e, e^′) experiments. Later is was extended to inclusive (e, e^′p) scattering by Ent et al. [28]. The pa is inspired by the observation that H(e, e^′p) data indeed show that the bremsstrahlung photons are emitted mostly along the directions of the incident electron (e), the scattered electron (e^′), and the recoiling proton (p) [28, 36]. But the pa overestimates the amplitudes of the photon peaks and cannot appropriately treat the kinematics and the evaluation of the form factors for those bremsstrahlung photons which deviate from the e-, e^′, and p-directions [36, 37].

While spa and pa both exhibit shortcomings, together these two approximations considerably simplify the numerical treatment of the radiative corrections to e-p scattering data. For many purposes the two approximations are of good quality and may be used without harm; but there are also experimental settings for which the approximative application of radiative corrections do lead to inaccuracies [28, 36, 37].

III. IMPROVED RADIATIVE CORRECTIONS

As mentioned above the spa considerably simplifies the treatment of multi-photon bremsstrahlung. In fact an exact treatment of multi-photon bremsstrahlung without spa is not feasible since higher-order bremsstrahlung diagrams cannot be included into radiative correction calculations to arbitrary order (in α). It has, however, been shown that the spa can partially be removed from multi-photon radiative correction procedures by treating one ’hard’ bremsstrahlung photon exactly while calculating the remaining photons in spa [37]. Because this novel approach combines bremsstrahlung photons treated exactly with a kind of bremsstrahlung ’background’ which is treated in spa, it is here referred to as the combined calculation. It has been shown that this combined calculation is invariant under different methods of selecting the ’hard’ photon, which is treated exactly, from a given multi-photon event [37].

It has further been shown that the pa can fully be removed from e-p data analyses without large computational expense by introducing a full angular treatment of the bremsstrahlung photons [36]. The full angular treatment renders the assumption, that all bremsstrahlung photons are either emitted in e-, e^′-, or p-direction, unnecessary. Removing the pa leads to improved kinematical treatment and to a more systematic evaluation of the form factor [36].

Both improvements – the partial removal of the spa and the complete removal of the pa – can be done simultaneously and have simultaneously been applied to (e, e^′p) data [37]. Together they are here referred to as the improved radiative correction treatment. The improved radiative correction treatment reproduces experimental (e, e^′p) data more accurately than correction procedures fully relying on spa and pa [37] and the question arises whether this effect can also be seen in Rosenbluth experiments.

IV. RESULTS AND DISCUSSION

In order to recompute Rosenbluth plots using the improved radiative corrections we used an empirical fit to the world Rosenbluth data [38] and generated the reduced cross section (3) with Q^2 = 2.0 GeV^2, with Q^2 = 4.0 GeV^2, and with Q^2 = 6.0 GeV^2. The comparison between existing (e, e^′p) Rosenbluth results with a calculation based on the improved approach described here was done by multiplying the reduced cross section (3) with a correction factor accounting for the differences between the two radiative correction treatments.

Our calculations of the Rosenbluth results using standard radiative corrections (with full spa and pa) and of the improved approach was done separately for each momentum transfer squared. A Monte Carlo generator was used to sample multiple bremsstrahlung photons per scattering event (see also [37]). Using the techniques and assumptions described above the four-momenta of the scattered electron and the recoiling proton were calculated subsequent to the emission of

FIG. 3: Rosenbluth plots: reduced cross section as a function of ε at three different values of the momentum transfer (Q^2 = 2.0 GeV^2, Q^2 = 4.0 GeV^2, and Q^2 = 6.0 GeV^2). The red lines (squares) show the reduced cross sections calculated using the improved radiative corrections. The black lines (circles) are hardly distinguishable from the red lines. They depict the reduced cross sections calculated using spa and pa. One can clearly see that the improved radiative corrections have no sizable impact on the Rosenbluth plots and hence on Gep.

Q^2 (G^{approx.}_{ep} )^2 (G^{impr.}_{ep} )^2 deviation 2.0 GeV^2 4.772 × 10^{−3} 4.816 × 10^{−3} +0.92% 4.0 GeV^2 6.055 × 10^{−4} 6.081 × 10^{−4} +0.43% 6.0 GeV^2 1.660 × 10^{−4} 1.662 × 10^{−4} +0.12%

TABLE I: Impact of the improved radiative corrections on the proton electric form factor. The experimental errors on G^2_{ep} are usually large such that the deviations shown in this table are entirely negligible.

bremsstrahlung photons. Geometrically the detectors were treated as rectangular windows. And the detectors were given a momentum acceptance. Once an electron (proton) passed through the ”window” of the electron (proton) detector its three-momentum was computed in order to check whether it was within the detector’s acceptance range. Events with electrons (protons) outside the acceptance were given zero weights. Weights of events with electrons (protons) not passing through the ”windows” were also set to zero.

In order to compare the two approaches the missing energy was considered, binning the two event weights (one coming from the approximate procedure, the other calculated via the improved procedure) in the vicinity of the total missing energy for each event. As (e, e^′p) Rosenbluth experiments only consider the elastic peak of the missing energy E_m up to energies of the order of 20 to 50 Mev, we integrated the two missing-energy distributions, obtaining the two total cross sections

σ^{impr.}_{tot} (E_m ≤ 50 MeV) , (8) and σ^{approx.} tot (E_m ≤ 50 MeV) . (9)

These cross sections were used to correct the standard reduced cross section (3) by multiplication with the correction factor

σ^{ex}_{red}(ε) = σ^{impr.}_{tot} (E_m ≤ 50 MeV) σ^{approx.} tot (E_m ≤ 50 MeV) σ_{red}(ε) . (10)

The results are presented in Fig. 3 and in Tab. I. As one can see the correction factor (ratio on the r.h.s. of Eq. (10)) is very close to unity for the three kinematic settings considered here. Given the large errors usually appearing in Rosenbluth measurements we can conclude here, that the improved radiative corrections have no visible impact on e-p Rosenbluth data.

Improved radiative corrections to (e, p) measurements such as the SuperRosenbluth experiment are more difficult than the corrections to (e, e^′) and (e, e^′p) experiments since the scattered electron’s momentum (which is not measured) would have to be generated very efficiently in an additional Monte Carlo generator.

However, since the (e, p) SuperRosenbluth data do not exibit any deviations from other Rosenbluth measurements [8, 9], the improved radiative corrections should lead to similarly small (or even smaller) corrections as the ones shown here in Tab. I.

In conclusion, we observe that the approximate radiative correction treatment (using spa and pa) does not have a sizable impact on the reduced cross section as obtained via the Rosenbluth technique. This may be due to the fact that the Rosenbluth technique considers a narrow range around the elastic scattering peaks where breamsstrahlung does not play the role it has in radiative tails.

V. OUTLOOK AND FURTHER INVESTIGATIONS

Removing or partially removing approximations such as pa and spa from radiative corrections in the way sketched here and elaborated further in Refs. [36, 37] could be carried over to radiative corrections to initialstate radiation (isr) experiments. These collider mode experiments could yield independent measurements of G^2_{ep} and G^2_{mp} by studying the

e^+e^− → γpp̄ (11)

reaction, the photon being emitted by one of the leptons. The isr matrix element is smaller than the e^+e^− → pp̄ matrix element by a factor of O(α). But ’meson factories’ like daϕne, cesr, and kek-b are pushing the luminosity frontier far enough to compensate for this suppression [39, 40]. isr experiments usually detect the hardest initial-state photon, its angular distribution being found to be mostly aligned with the electron or the positron three-momentum [41], as the bremsstrahlung photons in e-p scattering. Softer initial-state photons constitute a background, as well as final-state radiation (fsr). The latter can be suppressed by suitably chosen cuts. fsr seems to be negligible for pp̄ production, except for the region close to threshold, where the Coulomb interaction becomes dominant [39]. Radiative corrections to e^+e^− experiments, relying on pa and spa, have been carried to next-to-leading order using Monte Carlo simulations [39, 42, 43]. As in the case of e-p scattering, pa and spa used in isr experiments may be (partially) removable: the pa could be replaced by a full angular treatment [36] and the spa could partially be removed by calculating one hard photon from a given multi-photon event exactly; and the remaining photons could be accounted for resorting to the spa [37].

Acknowledgments

The authors wish to express their gratitude to the Schweizerische Nationalfonds which supported this work. Moreover they are grateful to A. Afanasev and J. Arrington for valuable discussions on the topics presented here.

[1] M. N. Rosenbluth, Phys. Rev. 79, 615 (1950) [2] J. Arrington, Phys. Rev. C 68, 034325 (2003) [3] M. E. Christy, Phys. Rev. C 70, 015206 (2004) [4] L. Andivahis et al., Phys. Rev. D 50, 5491 (1994) [5] M. K. Jones et al. (Jefferson Lab Hall A collaboration), Phys. Rev. Lett. 84, 1398 (2000) [6] O. Gayou et al. (Jefferson Lab Hall A collaboration), Phys. Rev. Lett. 88, 092301 (2002) [7] J. Arrington, private communication (2009) [8] R. Segel et al., (Jefferson Lab E01-001 collaboration), Eur. Phys. J. A 24, 1.55 (2005) [9] I. A. Qattan et al., Phys. Rev. Lett. 94, 1142301 (2005) [10] P. G. Blunden, W. Melnitchouk, and J. A. Tjon, Phys. Rev. Lett. 91, 142304 (2003) [11] P. A. M. Guichon and M. Vanderhaeghen, Phys. Rev. Lett. 91, 142303 (2003) [12] P. G. Blunden, W. Melnitchouk, and J. A. Tjon, Phys. Rev. C 72, 034612 (2005) [13] L. W. Mo, Y. S. Tsai, Rev. Mod. Phys. 41, 205 (1969) [14] C. de Calan, H. Navelet, J. Picard, Nucl. Phys. B 348, 47 (1991) [15] L. C. Maximon, J. A. Tjon, Phys. Rev. C 62, 054320 (2000) [16] S. Kondratyuk, P. G. Blunden, W. Melnitchouk, J. A. Tjon, Phys. Rev. Lett. 95, 172503 (2005) [17] Y. C. Chen et al., Phys. Rev. Lett. 93, 122301 (2004) [18] A. Afanasev et al., Phys. Rev. D 72, 013008 (2005) [19] M. Guidal, M. V. Polyakov, A. V. Radyushkin, M. Vanderhaeghen, Phys. Rev. D 72, 054013 (2005) [20] S. Kondratyuk, P. G. Blunden, nucl-th/0601063 (2006) [21] E. Tomasi-Gustafsson, G. I. Gakh, Phys. Rev. C 72, 015209 (2005) [22] A. Afanasev, I. Akushevich, and N. Merenkov,

Phys. Rev. D 64, 113009 (2001) [23] A. Afanasev, I. Akushevich, and N. Merenkov, Phys. Rev. D 65, 013006 (2002) [24] A. Afanasev, arXiv:0711.3065 [hep-ph] (2007) [25] V. Tvaskis et al., Phys. Rev. C 73, 025206 (2006) [26] J. Schwinger, Phys. Rev. 75, 898 (1949) [27] Y. S. Tsai, Phys. Rev. 122, 1898 (1961) [28] R. Ent et al., Phys. Rev. C 64, 054610 (2001) [29] L. I. Schiff, Phys. Rev. 87, 750 (1952) [30] L. C. Maximon, Rev. Mod. Phys. 41, 193 (1969) [31] L. D. Landau, E. M. Lifshitz, Course of Theoretical Physics, vol. 4 (1981) [32] S. Weinberg, The Quantum Theory of Fields, vol. 1, Cambridge (1995) [33] C. Itzykson, J.-B. Zuber, Quantum Field Theory, McGraw-Hill (1980) [34] S. N. Gupta, Phys. Rev. 99, 1015 (1955) [35] D. R. Yennie, S. C. Frautschi, H. Tsuura, Ann. Phys. 13, 379 (1961) [36] F. Weissbach et al., Eur. Phys. J. A 30, 477 (2006) [37] F. Weissbach et al., accepted for publication by Phys. Rev. C, arXiv:0805.1535 [nucl-th] (2008) [38] P. E. Bosted, Phys. Rev. C 51, 409 (1995) [39] H. Czyz, J. H. Kühn, E. Nowak, G. Rodrigo, Eur. Phys. J. C 35, 527 (2004) [40] J. H. Kühn, Eur. Phys. J. C 33, 659 (2004) [41] B. Aubert et al. (babar collaboration), Phys. Rev. D 73 012005 (2006) [42] The code and a manual is available at:

http://grodrigo.home.cern.ch/grodrigo/phokhara/

[43] A. Schälicke, F. Krauss, R. Kuhn, and G. Soff, J. High Energy Phys. 12, 013 (2002)