BNL-62145

LEGSe-hngBNLPolarized Compton Scattering from the ProtonG. Blanpied4, M. Blecher6, A. Caracappa1, C. Djalali4, G. Giordano2, K. Hicks7,S. Hoblit5,1, M. Khandaker6,1, O.C. Kistner1, G. Matone2, L. Miceli1,4, C. Molinari9,1,B. Preedom4, D. Rebreyend4, A.M. Sandorfi1, C. Schaerf3, R.M. Sealock5, H. Str�her8C.E. Thorn1, S.T.Thornton5, C.S. Whisnant4, H. Zhang7 and X. Zhao6(The LEGS Collaboration)1) Physics Department, Brookhaven National Laboratory, Upton, NY 119732) INFN-Laboratori Nazionali di Frascati, Frascati, Italy3) Universit� di Roma "Tor Vergata"and INFN-Sezione di Roma2, Rome, Italy4) Deptartment of Physics, University of South Carolina, Columbia, SC 292085) Deptartment of Physics, University of Virginia, Charlottesville, VA 229016) Physics Deptartment, Virginia Polytechnic Inst. & State Univ., Blacksburg, VA 240617) Department of Physics, Ohio University, Athens OH 457018) II Physikalisches Institut, Universit�t Gie§en, Gie§en, Germany 9) Universit� di Genova and INFN-Sezione di Genova, 16146 Genova, Italy(Physical Review Letters — in press)

2AbstractNew precision measurements of cross sections and polarization asymmetries i n the

p(rγ,γp) reaction at 90o c.m. are presented for i n c i d e n t energies between 213 a n d 333 M e V . A long standing problem with earlier e x p e r i m e n t s that appeared t o v i o l a t e u n i t a r i t y at the peak of the D is resolved. Data are compared to theoriesbased on baryon resonance structure and to dispersion relations. Recent calculationsusing the proton polarizabilities are closest to the data, although inconsistencies areobserved near the D resonance.PACS number(s): 13.60.Fz, 14.20.Gk, 25.20.Dc

3Elastic (Compton) scattering of intermediate energy photons from the proton is apotentially rich source of structure information. It is sensitive to the proton’selectric (

α

) and magnetic (

β

) polarizabilities [1], to the deformation of the nucleonthrough the electric gND coupling [2], and even to the sign of the po decayc o n s t a n t , Fp[3,4]. T h e r e are m a n y published c a l c u l a t i o n s for C o m p t o n scattering. T h e s e c a n begrouped i n t o two general categories, those basedo n the baryon r e s o n a n c e spectrum or its u n d e r l y i n g quark structure [5-7], and those relying u p o n u n i t a r i t y and dispersion r e l a t i o n s to p h e n o m e n o l o g i c a l l y describe elastic scattering i n t e r m s of p h o t o - p i o n p r o d u c t i o n [3,4,8-10]. T h e s e c a l c u l a t i o n s give significantly d i f f e r e n t predictions, particularly in the region of the D resonance. A number of measurements of proton Compton scattering have been reported[11-16,1], and several authors of dispersion calculations have pointed out asignificant inconsistency between many of these experiments and p photo-production data near the peak of the D [8,3,9,10]. Compton scattering can be describedby 6 independent amplitudes. Their imaginary parts can be calculated from (g,p)multipoles using s- and u-channel unitarity, and dispersion integrals can be writtenfor their real parts. Four of these integrals converge rapidly with energy. Howeverthe remaining two, those involving a photon helicity flip, do not converge rapidly,making subtractions essential. One of these is dominated by t-channel po e x c h a n g e , the Low amplitude [17], and can be readily evaluated in terms of the po l i f e t i m e . H o w e v e r , t h e o t h e r c o n t a i n s c o n t r i b u t i o n s f r o m m u l t i p l e m e s o n e x c h a n g e i n the t-c h a n n e l that are quite poorly d e t e r m i n e d . In principle, the b e a m - p o l a r i z a t i o n asymmetry constrains this other amplitude [4]. But prior to our new measurements,only a single d a t u m with large errors had been published for this observable [18].Alternatively, sum rules can be used to write the subtraction f u n c t i o n for this s p i n - flip a m p l i t u d e i n t e r m s of the difference of the p r o t o n polarizabilities,

α - β

,which can then be fixed by fitting a perturbative expansion of the cross section to

4data below p-threshold [3,4]. Although this provides a good description of scatteringbelow the D [1,19], the peak cross sections appear to be overestimated [3,4].A lower unitarity bound on the Compton cross sections, which avoids theuncertainties of the dispersion calculations, can be constructed by using p-production to evaluate the imaginary parts of the amplitudes while setting their realparts to zero [8,3,10]. Beyond this, minimal real parts can be formed from the s- andu-channel Born and t-channel po -pole graphs [9]. T h e s e exercises lead to a c o m m o n c o n c l u s i o n . P r e v i o u s l y published data near the peak of the D resonance, andparticularly at 90o center of mass (c.m.), appear to completely exhaust these b o u n d s , i f n o t v i o l a t e t h e m , a n d l e a v e n o r o o m f o r t h e t - c h a n n e l d i s p e r s i v e c o n t r i b u t i o n s . W e report h e r e new m e a s u r e m e n t s of the

p(rγ,γp)

reaction using the LaserElectron Gamma Source (LEGS) facility located at the National Synchrotron LightSource of Brookhaven National Laboratory. Linearly polarized g-rays between 213and 333 MeV were produced by backscattering polarized ultra-violet laser light from2.58 GeV electrons. The g-ray energies were determined to ~5 MeV by detecting thescattered electrons in a tagging spectrometer [20]. During the measurements, thepolarization was flipped between directions parallel (||) and perpendicular (^) to thescattering plane at random intervals between 150 to 450 s. The net g-ray polarizationwas greater than 80 % at all tagged energies. Both the polarization and the g-ray fluxnormalization were monitored frequently and are known with accuracies of ~1%. The chief experimental background to Compton scattering comes from thegpfipop c h a n n e l , where o n e h i g h energy p h o t o n f r o m po-decayis detected. T h e cross section for this process is ~200 times that expected from Compton scattering. Inthis m e a s u r e m e n t , p h o t o n s were detected i n a large (48 cm fl X 48 cm long) h i g h r e s o l u t i o n ( DEg / E g <2%) NaI(Tl) spectrometer, positioned 0.3 m from a 6 cm fl X 13cm long target of liquid H2 (LH2). T h e t r a j e c t o r i e s of recoil protons were trackedt h r o u g h wire chambers and t h e i r energies were m e a s u r e d , both byenergyd e p o s i t i o n and by t i m e - o f - f l i g h t (TOF), i n an array of plastic s c i n t i l l a t o r bars4 m

5from the target. This arrangement is shown schematically in figure 1. A 2.5 cmthick plastic scintillator in front of the large NaI rejected charged particles, and infront of this a 5 cm thick lead collimator with a conical aperture (not shown in thefigure) restricted the g-ray acceptance to the full diameter of the NaI at its back face.High resolution drift chambers were used to reconstruct the proton recoil angle to~0.4o, l i m i t e d bym u l t i p l e scattering i n the target. A t h i n - w a l l e d h e l i u m baga f t e r the wire chambers m i n i m i z e d f u r t h e r m u l t i p l e scattering. T h e protons stopped i n an array of 16 plastic scintillators, each 10 cm X 10 cm X 160 cm. T h e r e l a t i v e t i m i n g of light signals f r o m opposite ends of these barsprovided a h o r i z o n t a l p o s i t i o n ( t o ~7 cm) while the segmentation of the array determined the vertical position. R e c o i l protons were u n i q u e l y separated i n a t w o - d i m e n s i o n a l plot of t h e i r T O F vs their energy deposition in the s c i n t i l l a t o r bars. T h e r e q u i r e m e n t s of a g ray withenergy greater than 100 MeV in the NaI, no signal above 4 MeV in its veto plastic, astraight wire chamber track reconstructed from the target and pointing to thescintillator bar array, and a proton with the correct TOF and energy in the bars, removed all background processes. Empty target data were collected but the numberof events that survived these analysis requirements was completely negligible.Compton scattering and po -production were d i s t i n g u i s h e d byc o m p a r i n g t h e i r g-ray and proton-recoil energies. The Compton/po separation is s h o w n i n figure 2where the g-ray energy measured in the large NaI is plotted against the protonenergy, the latter determined from a combination of TOF and energy in the plasticbars. For both axes, the energies expected for Compton scattering, as calculatedfrom the tagged beam energy and the proton recoil angles measured by the wirechambers, have been subtracted. Compton scattering is clearly resolved. Both the

p(γ,γp)

and the

p(γ,π op)

reactions are completely specified by twokinematic observables. In this experiment, six quantities were measured, the beamenergy, the scattered g-ray energy, the polar and azimuthal angles of the recoilproton, and the proton’s TOF and energy. This large degree of kinematic over-determination has two important consequences. First, it guarantees an accurate

6separation of the two competing channels, even at high beam energies. Secondly,it enables all detector efficiencies to be evaluated directly from the data itself,without resorting to simulations and thus avoiding their associated uncertainties.The geometric solid angle was modeled by Monte Carlo simulations and differentangular acceptances, determined by the wire chambers, produced consistent results.In this letter we focus on Compton scattering for 90o c.m., this being the a n g l e that has lead to the m o s t c h a l l e n g i n g u n i t a r i t y problems and the largest n u m b e r o f calculations. Preliminary asymmetry values have been reported in refs. [2].The spin-averaged Compton cross sections from the present work (LEGS Exp. L8),corrected for f i n i t e detector acceptances, are plotted as the solid circles i n figure 3together with previous results. There have been two o t h e r recent m e a s u r e m e n t s o f the C o m p t o n cross sections. At the S a s k a t c h e w a n Accelerator Lab(SAL) [1],s i m u l a t i o n s were used to extract the

p( , )g g

component from scatteredbremsstrahlung (open circles), while in measurements with tagged photons atMainz [21] (cross in figure 3), highly collimated detectors were used to isolate

p( , )gg

coincidences. Both are consistent with our results. Data from the earlierCornell/61 [12], Tokyo/64 [13], Illinois/67 [15], and Bonn/76 [16] experiments atenergies higher or lower than the D peak are either consistent or slightly lower thanthe new

group of measurements from LEGS, Mainz and SAL. Why theseearlier results are so dramatically lower near the resonance energy is not known.The solid curve in figure 3 is a prediction using the model of L’vov [4], in whichrecent (g,p) multipoles have been used to calculate the imaginary parts of thescattering amplitudes [22] while low energy measurements of the protonpolarizabilities have been used to fix the dispersion integrals [19]. This gives areasonable description of the new data, except for an over-prediction near the Dpeak. The dotted curve restricts the real parts to their Born and po -pole v a l u e s , a n d the dashed curve gives the unitarity bound obtained by setting the real parts to z e r o . Although slightly lower bounds have been obtained with other pion multipoles [10],all are significantly h i g h e r near the D peak than the four points from Cornell/61,

7Tokyo/64, Illinois/67 and Bonn/76. Although these four measurements appear tobe in quite good agreement, we assert that they are, nonetheless, quite wrong. The beam-polarization asymmetry data from the present experiment are shownin the lower panel of figure 4 (solid circles), together with the only published datum(cross-hatched square, [18]). There are many published calculations for Comptonscattering, and a selection illustrating different approaches is shown in figure 4.Several predict cross sections that lie relatively close to the data but the asymmetryprovides a discriminating test where differences are often magnified. Isobar modelsassume the baryon resonance spectrum dominates scattering in order to extract theassociated photon couplings. The early work of Berkelman [5] and the latercalculation by Ishii et al. [6] are both quite close to the measured cross sections, buttheir asymmetry predictions are dramatically different from the data. Capstick andKeister (C&K) calculated Compton scattering using non-relativistic quark modelwave-functions to predict the resonance photon amplitudes [7]. Their calculationshave been revised by replacing the transverse helicity amplitudes for the D withthose from ref. [23]. Although their cross sections peak at a higher energy due tolimitations in the basis states, the predicted asymmetry is similar to the data.Comparing both cross sections and asymmetries, the dispersion calculations ofL’vov (red curves in figure 4) are closest to the new data. There have been tworecent determinations of the key free parameter of this model, the polarizabilitydifference: in units of 10-4 f m 3 ,

α - β

= 5.5 –0.7(statistical) –2.1(systematic)–1.6(model) was extracted from the SAL experiment of ref. [1] using data between 149and 286 MeV, and

α - β

= 10.8 –1.1 –1.4 –1.0 has been obtained from a secondexperiment at SAL using energies between 70 and 149 MeV [19]. The calculationsshown in red have been updated from the work of ref. [4] by the use of recent

p(γ,π)

multipoles [22], and by the inclusion of isospin splitting in the po/p+ masses. T h e use of earlier m u l t i p o l e s o l u t i o n s has only a s m a l l effect, but if the i s o s p i n differences are ignored the predicted peak cross sections decrease w h i l e t h e asymmetry increases, both by about 3%. T h i s would give a better r e p r e s e n t a t i o n o f the cross section data but would deteriorate the a g r e e m e n t with the a s y m m e t r i e s .

8The deviations of either the dotted-red (

α - β

=5) or solid-red (

α - β

=10) curvesfrom the data near the D resonance are substantially larger than the variationsbetween them. Until calculations and data can be reconciled, we caution againstusing high-energy Compton data in the extraction of polarizabilities.The Compton cross sections and asymmetries are also sensitive to the electriccoupling at the gND vertex [2,24]. The E2 component has a destructive effect,lowering the peak cross section at 90o by~3% w h i l e i n c r e a s i n g the asymmetry by~8%. A larger E2strength i n the dispersion c a l c u l a t i o n s would i m p r o v e t h e c o m p a r i s o n with the cross section data, but not w i t h o u t destroying the a g r e e m e n t with the asymmetries. A proper determination of the E2c o n t r i b u t i o n requires dataover a wide angular range, and these are presently under analysis.Finally, the dashed-green curves in figure 4 were calculated a s s u m i n g a p o s i t i v e sign for the po decayconstant, Fp>0. T h e r e s u l t i n g cross sections are c o n s i s t e n t l y above the data, giving a c2 per p o i n t of 10 compared with 2 for the F p <0 s o l i d - r e d c u r v e . T h i s supports the a r g u m e n t s of ref. [4]that the Low amplitude, used withthe correct sign for Fp , decreases the Compton cross sections at energies below the D,and contradicts several other calculations [3, and refs. contained in 4].LEGS is supported by the U.S. Department of Energy under Contract DE-AC02-76-CH00016, by the Istituto Nazionale di Fisica Nucleare, Italy, and by the U.S.National Science Foundation. We thank Dr. Anatoly L’vov for the use of his codeand for helpful discussions, and Dr. Simon Capstick for the C&K calculations.

9Figure CaptionsFIG. 1. Schematic arrangement used to identify g-proton coincidences, withphotons measured in a NaI(Tl) crystal and protons in an array of scintillator bars. FIG. 2. A typical scatter plot of g-ray energies in the large NaI and proton-recoilenergies in the scintillator bars (see figure 1). For both, the energies expected forCompton scattering, as calculated from the beam energy and the recoil anglesmeasured by the wire chambers, have been subtracted. FIG. 3. Cross sections for proton-Compton scattering at 90o c.m. from the p r e s e n t e x p e r i m e n t (solid circles) compared with results from other laboratories [11-16,1,21]— see legend. The calculations were carried out using the model of ref. [4] withdifferent assumptions for the real parts of the scattering amplitude.FIG. 4. Polarization asymmetries (

Σ ={σ || - σ ⊥ }/{σ || +σ ⊥ }

, bottom panel) andcross sections (top panel) for

p(rγ,γp)

at 90o c.m. from the present work (solid circles),together with the only published asymmetry d a t u m [18]. T h e s e are compared t o predictions of Isobar models [5-7] and dispersion theory calculations [4] - see legend.

10References[1]SAL/93: E.L. Hallin et al., Phys. Rev. C48, 1497 (1993), and refs. contained there.[2]LEGS Collaboration, A.M. Sandorfi et al., Proc. Part. Nuclei Int. Conf. PANIC-XIII, Perugia 1993, ed. A. Pascolini, World Scientific, Singapore, p. 459 (1994);LEGS Collaboration, M. Khandaker et al., pN-Newsletter 9 (1993);LEGS Collaboration, A.M. Sandorfi et al., Few-Body Sys., Suppl. 7, 317 (1994);X. Zhao, VPI&SU Ph.D. thesis, report LEGS-93T5 (1993);H. Zhang, Ohio University Ph.D. thesis, report LEGS-95T6 (1995).[3]I. Guiasu, C. Pomponiu and E.E. Radescu, Ann. Phys. 114, 296 (1978).[4]A. I. L’vov, Sov. J. Nucl. Phys. 34, 597 (1981); and priv. comm.[5]K. Berkelman, Il Nuovo Cim. 21, 633 (1961).[6]T. Ishii et al., Nucl. Phys. B165, 189 (1980).[7]S. Capstick and B. D. Keister, Phys. Rev. D46, 84 (1992);erratum, ibid D46, 4104 (1992).[8]W. Pfeil, H. Rollnik and S. Stankowski, Nucl. Phys. B73, 166 (1974).[9]I. Caprini, I. Guiasu and E.E. Radescu, Phys. Rev. D25, 1808 (1982).[10]M. Benmerrouche and N. C. Mukhopadhyay, Phys. Rev. D46, 101 (1992).[11]Illinois/60: G. Bernadini et al., Nuovo Cimento 18, 1203 (1960).[12]Cornell/61: J.W. DeWire et al., Phys. Rev. 124, 909 (1961).[13]Tokyo/64: Y. Nagashima, Inst. Nucl. Study, Tokyo, Report No. INSJ-81 (1964).[14]Moscow/66: P.S. Baranov et al., Sov. J. Nucl. Phys. 3(6), 791 (1966).[15]Illinois/67: E.R. Gray and A.O. Hanson, Phys. Rev. 160, 1212 (1967).[16]Bonn/76: H. Genzel et al., Z. Physik A279, 399 (1976).[17]G. Chew, Proc. 1958 Ann. Int. Conf. High Energy Phys. at CERN, (ed. B. Ferretti) CERN Report, p.98 (1958).[18]G. Barbiellini et al., Phys. Rev. 174, 1665 (1968).

11[19]B.E. MacGibbon et al., Phys. Rev. C52 , 2097 (1995).[20]C.E. Thorn et al., Nucl. Instrum. Methods Phys. Res., A285, 447 (1989).[21]Mainz/95: A2 Collaboration, C. Molinari et al., submitted to Phys. Lett.;M. Sanzone, priv. comm.[22]R.L. Workman and R.A. Arndt, solution FA93, Scattering Analysis Interactive Dial-in (SAID) program, available by TELNET to VTINTE (physics;quantum).[23]Particle Data Group, J.J. Hern�ndez et al., Phys. Lett. B239, 1, (1990).[24]A.M. Sandorfi, C. Molinari and M. Khandaker, to be published in Phys. Rev. D.