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Differential cross sections for the procesSp— yn have been measured at Brookhaven National Labora-
tory’s Alternating Gradient Synchrotron with the Crystal Ball multiphoton spectrometer. Measurements were
made at 18 pion momenta from 238 to 748 MeV¢orresponding td,, for the inverse reaction from 285 to
769 MeV. The data have been used to evaluateytheultipoles in the vicinity of theN(1440 resonance. We
compare our data and multipoles to previous determinations.
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l. INTRODUCTION new, precision measurementsyfr®, and 27° production in

7 p interactions. These data will permit new, state-of-the-art

The study of the light baryon resonances, in particular thecoupled-channel analyses to be performed. This paper pre-

determination of their electromagnetic couplings, is undergoggnts results of the™p— yn measurements.

ing a resurgence driven by_ a stream of new, high-precision T N(1440, often called the Roper resonance, has the
data emanating from experimental programs at modern phqjuantum numbers of the nucleon ground statdP=1, 1"

ton facilities. The main properties of th&(1232 resonance, The Jightness of the mass is somewhat of a surp_riéé? as sev-

the mass, pole value, mass splittings, width, and branchinga| models, including the relativized quark model for bary-

ratio for different decay modes are now reasonably well),<r11 imply that the lowest mass states are M@5202~
known. In addition, there are data on the deformation from a 4], imply W(@520;

sprericl shape, /M, raio, and the magnitude and sign 2030 - IR SRR O U SO EER
of the magnetic dipole moment of th&"*(1232. In com- P y Imp y

) ) . . . + larger than predicted. This has led to a number of theoretical
parison with this, the properties of the lightétresonance, speculations concerning its underlying structure. The Roper
the N(1440, are much more uncertain. The Crystal Ball P g ying | P

baryon-resonance program at Brookhaven National Labora:iesonance could be a radial excitation of the nucigror a
tory's (BNL) Alternating Gradient SynchrotrotAGS) is ybrid state consisting of three quarks and a gl{@nin an

- . algebraic framework for the description of baryons, Bijker,
providing much needed data on th§1440 resonance via lachello, and Leviatan studied a collective stringlike model

to obtain masses and electromagnetic coupli@sModern
lattice-gauge calculations with constrained curve-fitting tech-

*Electronic address: briscoe@gwu.edu niques are also now being used to study the Roper resonance
TPresent address: Midwest Proton Radiotherapy Institute, 2425 N4]. Recently, it was conjectured that the Roper resonance
Milo Sampson Lane, Bloomington, IN 47408. might be a pentaquark state and a member of an antidecuplet
*Present address: Collider-Accelerator Dept., Brookhaven Naf5]. The classification of the Roper resonance as an antide-
tional Laboratory, Upton, NY 11973. cuplet was already proposed by Loveldé¢ back in 1965.
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B.C., Canada V6T 2A3. using U-spin conservation one can easily show that the ra-
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0556-2813/2004/13)/03520412)/$22.50 70 035204-1 ©2004 The American Physical Society



A. SHAFI et al. PHYSICAL REVIEW C 70, 035204(2004)

TABLE |. N(1440 resonance couplings from a Breit-Wigner fit to the recent GW-SAID-2002 single-
energy solutiorfGWO02] [8], the previous solution SMOB/PI95] [9], the analysis of Crawford and Morton
[CM83] [10], Crawford[CRO] [11], Drechselet al. [MAID98] [12], [MAIDO03] [13], the coupled-channels
fit of Niboh and Manley\{KSU97] [14], GW-CC coupled channels calculatiBENNO3] [15], the average of
Feuster and MosgFM99] [16], the average from the Particle Data GrdlDGO0Z [17], and quark model
predictions by CapstickCAP9Z [1]. Units are(GeV) Y2x 1073. None of these include the results of this

paper.
Resonance state Reference Al Al
Whoper= 1440 MeV GWO02 -67+2 47+5
I',/I'=0.65 VPI95 -63+5 45+15
I'=350 MeV CM83 -69+18 56+15
CRO1 —-88
MAID98 =71 60
MAIDO3 =77 52
KSU97 -81+6 6512
BENNO3 -81 59
FM99 -74 51
PDGO02 -65+4 40+10
CAP92 4 -6
Roper resonance is alloweN(1440 — yn The extractedyn T p— N, (1)

and yp decay amplitudes are not smedlee Table), which hich il call ¢ diati h hi
does not support the conjectui® that the Roper resonance which we will ca REX for _Ra lative EXC ange. This pro-
cess is free from complications associated with the deuteron

is a member of an antidecuplet. . ) i S
The radiative decay width of the charged Roper resonanc%rget. However, the disadvantage of using this reaction is

is readily extracted fromr* and #° photoproduction on a the _high background from the 5 to 500 times larger cross
proton. The radiative decay width of the neutral state may b&€ction for
extracted fromn~ or #° photoproduction off a neutron, 7 p— 7°n— yyn, 2)

which involves a bound neutron targg@ypically the deu-
teron) and requires the use of a model-dependent nucledf@lled CEX for Charge EXchange. The Crystal BlB)

correction. As a result, our knowledge of neutral resonancéultiphoton spectrometer allows us to make a good mea-
decays is less precise than of the charged ones. An exampigrement of th_e REX reaction with the rellabl_e subt_ractlon of
is given by the Roper resonance photon-decay amplitude‘%‘e CEX-reaction background_. These _con5|derat|ons m(_)tl-
listed in Table I. The PDG listings assign a 25% uncertaintyvatéd the measurement of inverse pion photoproduction
to the Roper resonane@ amplitude, while a 6% uncertainty Cross sectiongE913 [18] by the CB Collaboration at the
is assigned to thep amplitude. The associated photoproduc-BNL'AGS- )
tion multipoles are plotted in Fig. 1. Both thgp and yn An _extenS|_\/e set of measurements over the energy range
multipoles have sizable uncertainties at the energies that copssociated with the Roper resonance is essential to validate
respond to the formation of the broad Roper resonance. th.e existing multipole analyses from wh_lch the radiative
The existing photoproduction database contains a large s¥fidths are extra_cted, and to test the consistency of data that
of yn— = p differential cross sections. Many of these arehave been obt_alngd with a dguterlum target. We report here
old bremsstrahlung measurements with limited angular coven the determination of the differential cross section for
erage. In several cases, the systematic qncertaintigs have_ not yn— 7P (3)
been quoted. An accurate treatment of final-state interaction
(FSI) effects for the pion photoproduction reactions on thefrom a measurement of the inverse reaction at 18 incigent
deuteron,yd— 7 pp and yd— 7°np, is essential for the ex- mMomenta from 238 to 748 Me\/ This range corresponds to
traction of the spin-flip part of the photoproduction ampli- E, from 285 to 769 MeV for the inverse process, covering
tudes. In addition, the photon decay amplitudes for thehe region most sensitive to tiN(1440 resonance; it effec-
N(1440 resonanceA?, and A ,, are similar in magnitude tively doubles the database for the photoproduction reac-
and opposite in sign, suppressing the impulse-approximatiotion. In Sec. V, we discuss our analysis of the differential
contribution to theyd— 7~ pp reaction. As a result, diagrams Cross sections. The results of this experiment are presented in
involving meson rescattering give a significant contributionSec. VI. We summarize our findings in Sec. VII.
to the full amplitude.
The radiative decay of the neutral Roper resonance can
also be obtained from the measurements of the invefse Our measurements af p— yn were made at BNL with
photoproduction reaction the CB detector, which was installed in the AGS C6 beam

Il. EXPERIMENTAL SETUP
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6 ' ' ' ' beam line upstream of the CB. The neutral event trigger
required that the CB event trigger signals were in anticoin-
cidence with signals from a barrel of scintillation counters
surrounding the target.

A more detailed description of the CB detector and the
data analyses can be found in Rgfs3—-21.

IIl. DATA ANALYSIS

Multipole Amplitude (am)

R YT =5 00 To select candidates for the"p— yn reaction, we used
@) W (MeV) the neutral 1- and 2-cluster events, where we assumed that
one of the clusters was due to a photon electromagnetic
shower in the CB. A “cluster” is defined to be a group of
neighboring crystals in which energy is deposited from a
single-photon electromagnetic shower. The software thresh-
old of the cluster energy was 14 MeV. For a 1-cluster event,
the missing particle was assumed to be the neutron. For
2-cluster events, one of the clusters was assumed to come
from a neutron interaction in the CB. The efficiency of the
I ] CB for neutrons has been found in a separate test to vary
{ { from 0 to 30% depending on the energy of the neufi2gj.
*17300 o moo 1800 In this experlment we used a Iower cI_uster threshold
W(MeV) (14 MeV) than in the test run20 MeV) which increased our
maximum neutron detection efficiency to 45%.

FIG. 1. M}”” multipoles in attometergl am=10¢ m). Solid Since the REX cross section is small, the handling of the
(dashedgl curves give the reglimaginary parts of amplitudes cor-  packground is important. There are two kinds of background
responding to the GW SMO02 solutiof8]. The real(imaginary that must be subtracted from the p— yn event sample.
parts of GW single-energy solutions are plotted as fillegen The principal background comes from the CEX reaction,
circles. The MAID solutior[13] is plotted with long dashed-dotted \\han one of the two photons from? decay is not detected
(real parj and short dashed-dottataginary pait lines. Plotted -, 1ho B Note that the total cross section for the CEX
are the multipole amplitudes) ,M; - and(b) M1, The subscript o) ion is about two orders of magnitude larger than for the
p(n) denotes a protomeutron) target. REX reaction[8,23. The effect of this background process
line. The CB consists of 672 Ndll) crystals, each shaped was estimated by determining the probability for Monte
like a truncated triangular pyramid. The crystals are opticallyCarlo simulated CEX events to be misidentified asp
isolated from their neighbors and arranged in two hemi-— yn candidates. The input needed for the simulation of this
spheres with an entrance and exit tunnel for the beam andlackground is ther p— #n differential cross section that
spherical cavity in the center for the target. The CB coverave have measured at each beam momentum in the same
93% of 4 steradians. experiment. The fraction of events that are due to the CEX

The experiment was performed with a momentum-background depends mainly on the ratio of the production
analyzed beam of negative pions, incident on a 10-cm-longates for the two processes. In the range of energies and
liquid hydrogen(LH,) target located in the center of the CB. angles reported in this paper, this fraction varies from 27% at
The beam spread,/p at the CB target was about 1%. The our lowest momentum, 238 Me¥/ to 59% at our highest
uncertainty in the mean momentum of the beam spectrum ahomentum, 748 Me\G.
the target center was 2—3 MeW./ Other sources of background are due to processes that are

The pulse height in each crystal was measured using mot pion interactions in the liquid hydrogen of the target. The
separate ADC. For registering timing information, we used amain contributions to this background are from beam pions
TDC on every minor triangle, which is a group of nine that decayed or scattered before reaching the target, or inter-
neighboring crystals. The typical energy resolution for elec-acted in the material surrounding the target. This background
tromagnetic  showers in the CB wasAE/E  was investigated in runs taken with an empty target. The
=0.020{E(GeV)]°38 Showers were measured with a reso-fraction of events that are due to the so-called “empty-target”
lution in 6, the polar angle with respect to the beam axis, ofbackground is of the order of a few percent, except at some
oy=2°-3° for photon energies in the range 50—500 MeV,extreme back angles.
assuming that the photons were produced in the center of the All 1- and 2-cluster events were subjected to a kinematic
CB. The resolution in azimuthal angigis o,/sin 6. fit to test the hypothesis of proceg$), while all 2- and

The CB event trigger required a beam trigger in coinci-3-cluster events were tested for the hypothesis of pra@ss
dence with a neutral event trigger, which included the re-The kinematic fit has four main constrain®-C) based on
quirement that the total energy deposited in the CB crystalenergy and 3-momentum conservation. The hypothesis for
exceeded a certain threshold. The beam trigger was a coithke CEX reaction has a fifth constraint that requires the in-
cidence between three scintillation counters located in theariant mass of the two photons to be the knomfhmeson

Multipole Amplitude (am)
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FIG. 2. The differential cross section far p— #°n at an incidentm  momentum of(a) 238 MeV/c, (b) 550 MeV/c, and (c)
691 MeV/c. The LH, data(filled circles at 550 and 691 Me\W are normalized to the central part of the £$pectraopen trianglep Solid
lines show the GW SAID FAO02 predictioj23]. Previous measuremerita7] are shown as open circles.

mass. The measured parameters in the kinematic fit included The confidence leve&lCL) of the kinematic fit was used to
five for the beam particlemomentum, angles, and 6, and  select the REX candidates. The 1-cluster events that satisfied
position coordinateg andy in the target and three for each the hypothesis above the 10% Gie., with a probability
photon cluste energy, angle® and ¢). greater than 10%were accepted as p— yn candidates.
When the missing particle was the neutron, its energy and@’he selection of 2-cluster REX events was performed in two
two angles were free parameters in the fit. For the neutrosteps. In the first step, the neutron information was used in
detected in the CB, the neutron angles were used as the meée fit. This was necessary to suppress the large background
sured parameters. In the case of the CEX reaction,zthe from the CEX reaction. Those events that satisfied the hy-
coordinate of the primary vertex was a free parameter in th@othesis above the 1% CL proceeded to the second step in
kinematic fit. Since the effective number of constraints iswhich the neutron information was omitted from the fit, and
reduced by the number of free parameters of the fit, for thehe event was treated in the same way as the 1-cluster case.
CEX reaction we have a 1-@3-C) fit for 2-cluster(3-clustej  Since the kinematic fit output is used for further analysis, this
events. For the 1-cluster REX events we could not usezthe approach allows the 1- and 2-cluster events to have the same
coordinate of the vertex as a free parameter in the fit becausesolution for the photon production angle. In further analy-
the effective number of constraints would have been zero. Tgsis, we considered only the sum of 1- and 2-cluster events.
overcome this problem, the coordinate was considered to This summation cancels problems associated with the small
be a “measured” parameter in the fit, with the mean equal tdlifference between the real and simulated events in the neu-
the center of the target and the variance one-third of théron response in the CB.
target thickness. For the 1-cluster events, we had a 1-C fit. To select the CEX reaction events detected in the CB, we
The 2-cluster REX events have the neutron detected in thapplied just a 2% CL criterion to hypothegi®) for 2- and
CB and thus the coordinate can be a free parameter in a 2-C3-cluster events. Similar to the p— yn selection, we added
fit. the 2- and 3-cluster events together. The only background
The kinematic fit pulls for the beam, photon, and neutronthat had to be subtracted was the empty-target one. The typi-
variables were adjusted to be in good agreement with idealal fraction of events due to this background was about 5%.
kinematical conditions with a normal distribution with mean A Monte Carlo(MC) simulation of reactior{1) was per-
value zero and variance 1. Some deviation occurs only foformed for each momentum according to the phase-space
events with large cluster multiplicity, where some clustersdistribution (i.e., with isotropic production angular distribu-
overlap. While applying cuts on the confidence level of thetion). The CEX reaction was simulated twice, once according
kinematic fit, it is important to have good agreement betweero phase-space and once according to the shape of the differ-
the probability distributions for the real and MC data. Suchential cross sections that were determined in this experiment
agreement has been illustrated in our earlier CB publicationfor each momentum. The simulation was made for every
[20,217). momentum by using the experimental beam-trigger events as
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input for pion-beam distributions. The MC events were thensphere radius is 7.62 cm. The effective hydrogen density for
propagated through a full GEAN{Version 3.21[24] simu-  the LH, conditions calculated in units ¢mb cm™ is pfﬁz
lation of the CB detector, folded with the CB resolutions and=4.248x 107°. The effective number of hydrogen atoms is
trigger conditions, and analyzed in the same way as the exNf} =p}} X I} , wherelff| is the effective thickness of the
perimental data. LH, target for them™ beam passing through the entire target.
The average detection efficiency farp— yn events  This effective thickness was determined by a MC simulation,
generated according to phase space varied between 57% antlere the real beam-trigger events were used for calculating
61% depending on the beam momentum and other experthe average path length through the target. Taking into ac-
mental conditions. The values are slightly less than the gecsount the spatial distribution of the beam at different mo-
metrical acceptance of the CB for REX. The losses due to thenenta, the effective number of hydrogen atoms in the LH
exit hole in the CB are aggravated by the forward boost ofarget iSNEE2=(4-05“—‘0-03>< 104 mb™.
the final-state photon in the laboratory system. Photon inter- The calculation ofN - involves several corrections that
actions in the beam pipe and in the barrel of scintillationtake into account the scattering and the decay of pions, and
counters surrounding the target also contribute to the loss d@lso the contamination of the pion beams by muons and elec-
events. According to the simulation, the average probabilitytrons[25]. The decay and scattering of the beam pions were
for a photon not to pass the neutral trigger is about 6%taken into account by simulation. The real beam-trigger
Finally, some decrease in the acceptance occurs due to tleeents were used as input for this simulation. The trajectory
selection cuts used for the background suppression. information for the beam particles was measured by the drift
chambers located in the beam line. For beam momenta be-
low 350 MeV/c, the beam contamination by muons and
electrons was measured by time-of-fligitOF). There are
several measurements of the CEX reaction in this energy
In addition to the determination of the number of initially range; a comparison of our CEX results with the existing
produced REX and CEX events, the cross-section calculatiodata showed good agreemg®é]. At all momenta, the elec-
needs the total number of beam piohs,-, incident on the tron contamination was also investigated by usingesen-
target and the effective number of hydrogen atoms in thé&ov counter located in the beam downstream of the CB.
target. The LH target has a cylindrical shape along the beamHowever, our CEX results based on tGerenkov counter
direction and has hemispherical endcaps. The maximum tainformation fell below the existing data. Since we relied en-
get thickness along the beam axis is 10.57 cm. The hemitirely on the Cerenkov counter above 350 MeV,/another

IV. THE NUMBER OF EFFECTIVE BEAM PIONS
AND TARGET PROTONS
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normalization method was used in our analysis.

is shown in Fig. 8). It can be seen that the largest contami-

The normalization of all LH data sets with beam mo- nation occurs at backward angles due to the decay of pions in
menta above 350 Me\¢/was made by remeasuring the CEX the beam. The distribution remaining after the empty-target
reaction with solid CH targets. For the CHimeasurements, background subtraction is shown in FigcB The subtrac-
the beam control was optimized to diminish uncertainties irtion of this background was made with a weight equal to the
the number of pions incident on the target. In F|@)2we ratio of the number Of'inCident. pions for the full and the
show our LH results for the CEX reaction ap,- empty targets, respectl_vely. This ratio varies from 2 to 5
=238 MeV/c. These results are obtained by using the beant!€Pending on the relative beam on target of the full- and
information taken with the LKltarget. In Figs. tb) and 2c), empty-target runs at each.momentum. In Figl3we show
we lusate theromalizaton of the e ap.-=550 {1, 0SentS SRuten o e ouene seeces 6 e
2&%53}16'\2?6/; toc; It:v(\e/ ggcrfps{gﬁgg'?ng tk(l? fsoprsvcet:g'a-acélgé, W In Fig. 3(e), one can see the CEX distribution reconstructed

: ! . For 2% 10f 7 p— #°n events simulated according to our dif-
used only the angular region c@,< 0.6 for the normaliza-  ferential cross section obtained for this reaction at the given

tion. More details about the beam normalization of the,LH momentum. The CEX background in thep— yn events is
data can be found in Ref21]. In Fig. 2 we also show the shown in Fig. &f). It was obtained from the simulated CEX
corresponding SAID23] FAO2 partial-wave analysi@®WA)  events that survived the selection criteria for reactian
of the existing data. This background looks somewhat similar to the CEX distri-
bution itself; however, the average probability for the CEX
events to be misidentified as"p— yn is about 0.8%. The
cos 4., distribution remaining after both the empty-target and
the CEX background subtractions is shown in Figg)3The
Figure 3 illustrates our procedure for determining the dif-CEX background subtraction was made with a weight equal
ferential cross section of reactiqd) for our lowest beam to the ratio of the CEX events reconstructed from the data
momentum, 238 MeWd. Each distribution in the figure is and from the MC simulation. The acceptance for thep
shown as a function of cog, whered" is the angle between — yn reaction atp_-=238 MeV/c is shown in Fig. &).
the photon(or #°) direction and the beam direction in the This acceptance is about 75% for the central angles and
7 p center-of-masgc.m. system. In Fig. @), one can see drops in the forward and backward direction. Finally, the
the experimental distribution for all events selectedm@p  resulting differential cross section of reactigh) at p,-
— yn candidates. The empty-target background distribution=238 MeV/c is shown in Fig. 8) in units of ub/sr. To

V. DETERMINATION OF THE = p— yn DIFFERENTIAL
CROSS SECTIONS

035204-6



MEASUREMENT OF INVERSE PION PHOTOPRODUCTIQN

+ +
1500 ++
+
+ 400 1 . 1000} +
-0(2 1000} -+ 4@ + -9 + +
S b+ + 4 5 o +
& - & 200 + 1@ 500 H <
soof - _ " At
- - it -
. e R e ehiiins) )
-1 0 1 -1 0 1 -1 0
(a) cos®’, (b) cos®’, () cos®’,
100001 -, - 4000 +
-~ 40000} _ -
o 7500} he " - » 3000 -
—+— - - - - - +
% - g - € 5000 -
> 5000f_ - 2 20000} - - 1@ - FIG. 5. Same as Fig. 3 but for
2500k - - - | - - - 1000 -—. p,-=691 MeV/c.
3 0 1 05 0 1 05 0
(d) cos0O’, (e cosO’, () cos®’,
B 40
0.8} ~ 13
400/ Jf b ® T 2 30}
+++ °  o6f B I~ 1
2 L ]S N +
o 1 a 1+ 20
& 200} ¥ g 04r i S JH' 1+
Q L | I -|~'H'+ +‘H‘+
< 0.2t i 5 10 +
’ $
+ - | X
03 0 1 05 0 13 % 0
(@) cos@’, (h) cosO’, (i) cos@’,

PHYSICAL REVIEW C 70, 035204(2004)

TABLE Il. Differential cross section foryn— 7~p (in ub/sn as a function of center-of mass scattering angle and pion laboratory
momentum(top row of header and photon energybottom row of headgr The quoted uncertainties are statistical and include the
angle-dependent uncertainties due to the subtraction process and acceptance corrections. The total overall systematic uncertainty is about 5%

These are described in the text.

cos 6; 238+3 MeV/c 271+3 MeVic 298+3 MeV/c 322+3 MeV/c 355+4 MeV/c 373+4 MeVic
285+3 MeV 313+3 MeV 338+3 MeV 359+3 MeV 390+4 MeV 407+4 MeV
-0.85 25.5+5.6 29.9%£5.2 15.9£3.9 17.5+3.8 8.5+2.8 13.0%£1.9
-0.75 25.2+3.1 29.2+3.1 18.3+2.4 14.9+2.3 10.1+1.8 8.9+1.0
-0.65 24.9%+2.6 28.8+2.8 23.4+2.2 19.5+£2.0 11.4+1.5 10.3+0.8
-0.55 27.2+2.3 28.3£2.6 23.2+2.0 15.8+1.8 12.0+1.4 10.2+0.7
-0.45 26.4+2.2 24.4+2.4 23.4+19 17.7+1.7 12.9+1.4 9.6+0.7
-0.35 31.0+2.2 30.5+2.3 19.7+£1.8 17.9+1.8 11.1+13 9.9+0.6
-0.25 27.7+1.9 27.4+2.1 21.1+1.7 17.8+1.7 10.4+1.3 9.3+0.6
-0.15 25.6£2.0 23.8£2.0 21.0+1.6 17.0£1.5 12.6x1.4 11.1+0.6
-0.05 28.4%£2.0 25.9£2.0 24417 14.4+15 12.3+1.3 10.4+0.7
0.05 25.9+1.9 26.5+1.9 24.7+1.7 17.4+£1.6 12.1+£1.4 11.7+0.7
0.15 24.3+1.8 28.1+2.1 23.4+1.7 19.9+1.6 13.5+1.5 11.7+0.8
0.25 24.2+1.7 23.1+2.0 23.2+1.7 17.1+£1.7 11.8+1.5 11.6+0.9
0.35 21.0+1.6 22.5+1.9 19.6+1.6 20.9+1.8 15.4+1.7 12.0+0.9
0.45 18.9+1.6 19.5+1.8 20.6+1.8 17.1+1.8 14.6x1.7 13.7+1.1
0.55 18.4+1.6 17.6+1.9 19.4+1.7 16.8+1.8 15.1+1.9 13.4%1.2
0.65 14.3+1.5 15.0+1.8 15.6+1.9 16.3+2.0 14.1+2.1 14.2+x1.4
0.75 12.4+1.7 15.1+2.3 18.3+2.6 21.4x2.8 15.7+£2.8 11.9+1.7
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TABLE lll. Continuation of Table II.

cosf, 404+4 MeV/c 472+5 MeV/c 550+5 MeV/c 656+6 MeV/c 668+6 MeV/c 678+6 MeV/c
436+4 MeV 501+5 MeV 576+5 MeV 679+6 MeV 691+6 MeV 7006 MeV
-0.85 7.3x1.2 10.6+1.4 6.0£1.3 6.2+0.9 8.2+1.1 49+1.4
-0.75 7.1+0.6 5.7+£0.9 5.8+0.7 6.4+0.6 7.2+£0.7 7.2+0.8
-0.65 7.2+0.6 6.0+0.7 6.6+0.5 6.2+0.4 6.4+0.5 6.4+0.6
-0.55 7.8+0.6 6.4+0.6 6.8+0.4 6.5+0.3 5.8+0.5 6.4+0.5
-0.45 8.1+0.5 5.2+0.6 7.0£0.4 6.8+0.3 6.4+0.4 6.2+0.5
-0.35 7.5+0.5 6.4+0.6 5.8+0.5 5.6+0.4 6.9+0.5 6.4+0.5
-0.25 8.1+0.6 6.7+0.6 6.1+0.5 6.0+0.4 6.3+0.5 5.9+0.5
-0.15 7.8+0.6 5.3x0.7 5.1+0.6 6.1+0.6 6.4+0.6 6.5+£0.6
-0.05 8.9%£0.6 7.5%£0.8 7.1+0.6 7.2+0.5 7.3x0.7 7.8+£0.6
0.05 9.9+0.7 8.4+0.9 7.3x0.7 7.0£0.6 7.4+0.7 7.6x0.7
0.15 10.3+0.8 8.4+0.9 6.8+£0.7 6.7+£0.7 7.1+0.8 7.3£0.8
0.25 9.9+0.8 8.2+1.0 7.0+£0.8 8.0+0.7 8.8+0.9 8.8+0.9
0.35 11.2+0.9 8.6x1.1 8.6+£0.9 8.9+0.9 8.4+1.0 10.2+1.1
0.45 11.2+1.1 10.3+1.2 9.6x1.0 9.2+1.0 10.4+1.2 9.4+1.2
0.55 12.2+1.2 9.4+1.4 9.4+1.1 10.2+1.2 10.1+1.3 10.5+1.4
0.65 12.2+1.3 11.4+1.5 11.7+1.3 12.6+1.4 9.2+1.7 10.1+1.7
0.75 11.9+1.8 15.2+2.2 11.9+2.3 11.5+25 13.5+3.5 12.3+3.2

calculate the acceptance-corrected e?;spectrum in these increasing the beam momentum results in an increased prob-

units, the number of events in a particular bin of the specability for the CEX events to be misidentified asp— yn;

trum was multiplied by the factor 100@7 X N~ X NELf2 at p,.-=550 and 691 MeV¢ it is about 5%.

X A cos 0;), whereA cos 0*7 is the bin width. The uncertain- The main sources of experimental uncertainty @yehe

ties in all distributions shown in Fig. 3 are statistical only. background subtractior(ji) the acceptance correction, and
The same procedure was carried out at each of our 18ii) the normalization procedure.

beam momenta. To illustrate the determination of differential The uncertainty in the background subtraction has two

cross sections at higher momenta, we show in Figs. 4 and &omponents: the subtraction of CEX events that pass the

similar distributions forp_-=550 and 691 MeVe. Note that REX event selection and the beam-related background. The

TABLE |IV. Continuation of Table 1.

cos 0; 691+6 MeV/c 704+7 MeV/c 719+7 MeVic 727+7 MeV 7336 MeV 748+7 MeV
713+6 MeV 726+7 MeV 740+7 MeV 748+7 MeV 75416 MeV 769+7 MeV
-0.85 8.6+1.7 7.7+0.9 9.4+1.4 6.5+1.2 7.7+1.9 45+1.4
-0.75 8.3+1.0 8.7+0.6 6.9+0.9 6.5+0.8 3.9+1.3 5.6+0.9
-0.65 6.4+0.7 6.9+0.5 6.3+0.7 6.6+0.6 5.0+0.9 6.1+0.7
-0.55 6.5+0.5 6.2+0.4 6.3+0.6 5.8+0.5 5.6+0.6 4.8+0.6
-0.45 6.6+0.5 6.1+0.4 6.2+0.5 5.3+0.5 4.9+0.5 4.7+0.6
-0.35 7.0+£0.5 6.0+0.4 6.1+0.5 4.6+0.5 5.2+05 4.4+0.5
-0.25 5.2+0.5 5.9+04 5.8+0.5 5.8+0.5 5.7+05 3.9+05
-0.15 6.9+0.6 5.5+04 6.5+0.6 6.0+£0.5 4.9+0.6 4.2+0.6
-0.05 6.7+£0.7 7.4+0.6 5.0+0.7 6.6+£0.6 5.7+£0.7 5.320.7
0.05 6.7+£0.7 6.9%£0.6 6.8+0.8 6.1+0.7 5.6+0.8 5.0+0.8
0.15 6.1+0.9 7.0£0.7 6.0+£0.9 7.2+0.8 5.9+0.9 6.3£0.9
0.25 7.8%£1.0 8.0£0.9 6.5£1.0 7.1£1.0 6.5%+1.1 6.4+1.0
0.35 8.5+1.1 9.5+1.1 10.7+1.3 8.1+1.2 7.3x1.3 7.3x1.2
0.45 8.3x1.3 8.8+1.2 9.3+1.4 7.9%1.4 7.3x15 6.5+1.4
0.55 10.4+1.5 8.9%x15 5.9+1.7 7.3£1.6 7.5%+1.6 7.0£1.6
0.65 12.3+1.9 10.2+1.8 8.6+2.2 7.6x2.0 7.6x2.2 7421
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uncertainty in the CEX cross section was estimated to b@ercen}. Similarly, the uncertainty in the relative normaliza-
about 5% which includes the addition in quadrature of thetion of the beam-related empty-target background-i3%
uncertainty of~4% based on the comparison of the SAID and has a larger effect at backward angkesveral percent
PWA results for the CEX reaction and our measured differthan at central to forward angléabout a perceint The un-
ential cross section, an uncertainty-e8% for central values certainty in the REX differential cross section due to these
of cos ¢ of the CEX angular distribution, and an uncertainty factors is determined bin by bin by obtaining cross sections
of ~2% in the normalization of the Ljdata relative to the in the standard manner and then with each background in-
CH, data. The final uncertainty due to this factor varies withcreased by its uncertainty.

the magnitude of the point by point subtraction of CEX The acceptance is flat over most of the angular range with
events that are misidentified as REX events; it is largest atn uncertainty at the-1% level at all but the most forward
backward and/or forward anglgslepending on beam en- angles, where the value for the acceptance drops off rapidly
ergy) where the subtraction is larggielding an uncertainty and the relative uncertainty approaches a few percent. The
of a few percentand is smallest at central angles where theuncertainties due to the background subtractions and accep-
subtraction is smallyielding an uncertainty of a fraction of a tance corrections are angle dependent and are included in the
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uncertainties reported for the points listed in Tables II-IV. Our results in the formdo/dQ(yn— 77 p) are presented
The overall normalization uncertainty in our REX resultsin Tables II-1V. A representative selection of angular distri-
of ~5% is mainly due to the estimated uncertainties debutions is shown in Fig. 6. Six examples of the excitation
scribed above for the measured CEX cross section at thinction at cos6)"=-0.75, —0.65, —0.35, —0.05, 0.25, and
central values for its angular distribution, the estimated ung 45 are shown in Fig. 7. The enhancement at Byis due
certainty in the SAID CEX cross section, and uncertainty into the high-energy tail of tha(1232, and the small bump at
the normalization of the LK data relative to the Ckidata. large E,, reflects the production of the(1520 andN(1535.
This total systematic uncertainty is not included in the fig-The excitation functions at all angles reveal no bump or
ures and tables. shoulder that could be indicative of the excitation of the
VI. RESULTS FOR yn—ap Roper resonance. To extract eIectromagneti.c quantities_ for
the Roper resonance, one should use a multipole analysis of
The complete collection of the results of our experimentthe available pion photoproduction data. This is discussed in
on dO'/dQ(’]T_p—> 'yn) are given in the thesis by Shdﬁ.g] the next section.
Here, we present our data converted to the inverse process. The existing data come in two types: REX, as measured
This facilitates the comparison with the numerous data setf our experiment, and-photoproduction on the deuteron.
that exist forz* and #° photoproduction on a hydrogen tar- Qur data are more numero@800 point3 than any of the
get. Assuming time-reversal invariance, the radiativ@  existing REX data sets, generally agreeing with the photo-
capture is related tar~ photoproduction on the neutron via production results that use the so-called * technique for
the detailed balance relation extracting ther -photoproduction data from a deuterium tar-
do(yn — 7 p) = DB do(mp — ), (4) get [18]. Statistica_l _uncertainties, which include a_ngle—
dependent uncertainties due to background subtraction and
where DB:%(p;/ p*;)2 is the detailed balance factor, the acceptance corrections, generally vary from 5% to 15%, ex-
number% is the spin-factor weight for the process, gnds  cept for the most forward and backward scattering angles at
the momentum in the center of mass. low momenta where statistical uncertainties are as large as
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being mainly due to the nonresonant background. This value
for A}, agrees very well with the value currently quoted by
the PDG. While these analyses were performed including all
published data, we did experiment with the fits by removing
older data that were more than five standard deviations from
the new fit. While this process decreased the redyceth
~1.0, all other results remained the same.

VIlI. CONCLUSION AND DISCUSSION

We have measured a comprehensive set of differential
cross sections at 18 energies for the inverse pion photopro-
duction reactionz~p— ny, over an energy range most sen-
sitive to contributions from the Roper resonance. As is evi-
dent in Fig. 6, the existing database for this reaction was
populated by a number of measurements inconsistent with
the extensive SAID and MAID fits to both neutron and pro-
ton target data. Our measurements have verified the features
of both the SAID and MAID analyses, however they dis-
agree with some of the older data sets. A major accomplish-
ment of this experiment is a substantial improvement in the
7 -photoproduction data base, adding 300 new differential
cross sections. Inclusion of these new data has resulted in

only small changes to the SAID multipole amplitudes.

The lowest-energy differential cross section angular dis-
tribution in Fig. 6 shows that the SAID and MAID fits are in
disagreement with much of the older data, but are in satis-
factory agreement with the current measurement. This obser-
vation reflects the fact that neither fit is entirely model inde-
pendent and individual data sets do not determine fits. Both
30% for the measurements reported in this paper. The dafi{s use similar prescriptions to unitarize the Born-term back-
with larger uncertainties at extreme scattering angles at eagground. In the MAID approach, resonances are added explic-
beam momentum were eliminated if either the backgroundtly; in SAID, resonance contributions are added implicitly
subtraction was very large or the acceptance was varyinthrough a parametrization in terms of th@ T-matrix. This
rapidly and the resulting angle-dependent uncertainty idimitation on the form does not allow a fit to arbitrary angu-
greater than 30%. An overall systematic uncertainty for alllar variation, especially at lower energies, such as the back-
energy sets of about 5% is obtained, from the sum in quadraward dip suggested by the older data at 285 MeV as is
ture of all other known factors. For details, see Sec. V. shown very clearly in Fig. @): the SAID and MAID solu-

Figure 6 also displays our comparison of the predictiondions “predicted” our cross section values at 285 MeV de-
from the SAID PWA[8] and the MAID [13] analyses of spite the low values of the older data.
existing data. In both analyses, large disagreements with The largest differences between SAID and MAID are vis-
some older bremsstrahlung measurem¢p&29 are obvi- ible at forward and backward angles in Fig. 6, at the highest
ous, particularly at lower energies. Also plotted is the best-fienergies. Disagreements between the analyses and the new
(SH04), based on a SAID analysis incorporating the currentCB data are also enhanced in these regions, as we have
set of measurements. Both the SAID and MAID predictionsshown in Fig. 7. It should be emphasized that the differences
give a good qualitative representation of the data. The CBn the multipoles are not major and indicate that the data base
data and curves are presented without any renormalizatiofs approaching an accurate representation of the REX inter-
Upon inclusion of the CB cross sections in the SHO4 fit, theaction over the energy range that covers the Roper reso-
overall y* dropped, relative to the SAID prediction, by only nance, and that one can certainly rely on the SAID and
25 (out of 327. We note that the structure near 700 MeV in MAID representations at the 10% level. We have obtained a
the excitation cross sections of Fig. 7 appears sharper thatable value for thé\],, amplitude for theP;; [from 47+5
predicted by SAID and MAID. The reproduction of this fea- to 49+4(GeV)™2x 10°%] when we include our new muilti-
ture was not significantly improved in the SHO04 fit. poles in a three parameter fit. This value agrees with the

The new CB cross sections did not result in large changegalue quoted in Table | for the PDG. The largest uncertainty
to the multipole amplitudes. Examples of multipoles on ain the amplitude extraction is due to the method used to
neutron target showing typical differences are plotted in Fighandle the nonresonant background in this fit. The remaining
8. However, when we include the resulting multipoles in adifferences in the neutron and proton couplings for the Roper
new three-parameter fit to extract tAg, amplitude for the resonance in Table | are speculated to be due to the different
P,1, a change from 47+5 to 49+@d5eV) ¥2x 1072 is seen  extraction methods used by each author. These differences
in the A/, amplitude with the uncertainty in the amplitude must be settled by further theoretical work.

FIG. 8. Major multipoles affected by the CB data) nMi’_Z and
(b) nE%I_Z. Solid (dashegl curves give the realimaginary parts of
amplitudes corresponding to the GW SMO02 solut[8h The real
(imaginary parts of GW SHO4 solution, are plotted as dashed-
dotted(short dashed-dottedurves. The subscript denotes a neu-
tron target.
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On the experimental side, further improvements in thecollect photoproduction data off the neutron in the next sev-
PWAs await more data in the region at and above theeral years.
N(1535 where the number of measurements for this reaction
is small. Of particular importance in all energy regions is the
need for data obtained involving polarized photons and po- 'he authors thank A. E. Kudryavtsev and A. Donnachie

larized targets. Due to the closing of hadron facilities, newf" useful discussions on then reaction. The authors ac-
knowledge the support of the US National Science Founda-

7 p— yn experiments are not in the planning and onty )
— 7 p measurements are possible at electron facilities usinﬁ&ns’sggﬁ L'\J/I?ng f}ga&mseggﬁifﬁgyfﬁﬁ;oc of tchaenaRduagsEZﬁ
d?uterium or heligm target.s. Our agreement with the exiStin£Loundation of Basic Research, the Russiangétate Scientific-
” photoproduction reacthn measurements lead us o beI=echnical Program: Fundamental Nuclear Physics, the Croat-
Ileye that the phptoprodgctlon meas_urements are reliable der‘én Ministry of Science, and the George Washington Univer-
spite the necessity of using a deuterium target. Plans are n°¥Yty Research Enhancement Fund. The authors also thank

in place to use the ngstal Bsall and the polarized photorg|’ac for the loan of the Crystal Ball. The assistance of the
beam and polarizetH, ?H, and®He targets at MAMI C to staff of BNL and AGS is much appreciated.
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