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Pion-proton integral cross sections atTp540 to 284 MeV
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Integral cross sections for the scattering of pions by protons into angles greater than 30°~lab! have been
measured at a wide range of energies spanning the delta resonance using liquid hydrogen targets. Cross
sections were measured forp1p scattering at 40 energies from 39.8 to 283.9 MeV and forp2p at 15 energies
from 80.0 to 283.9 MeV. Comparisons with phase shift predictions from the Karlsruhe group show good
agreement on resonance but significant deviations below 100 MeV.@S0556-2813~99!02903-9#
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I. INTRODUCTION

The scattering of pions from protons is the simplest re
tion mediated by the strong force that is available to exp
mentalists. Thepp reaction determines many paramete
that are of fundamental importance in low-energy interpre
tions of quantum chromodynamics, such as thepN coupling
constant, thepN form factor, scattering lengths, and th
sigma term (s), which, through comparison with mass spl
tings of the baryon octet, provides a measure of chiral sy
metry breaking at low energies. On the experimental le
accurate knowledge of thepp reaction is often used as a
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instrument calibration or normalization point for measu
ment of other reactions.

For more than a decade, the world’s database ofpN ob-
servables below 300 MeV incident pion energy has suffe
from inconsistencies between various measurements o
much as six standard deviations, especially at energies be
100 MeV. These inconsistencies became apparent in 1
with the publication of the differential cross section results
Frank et al. @1# at incident pion energies below 100 MeV
These new data disagreed with previous measurement
Bertin et al. @2#, and phase shift analyses@3,4# showed that
the results of Franket al. also disagreed with the total cros
sections of Busseyet al. @5# near 90 MeV. Since then, sev
eral groups have attempted to resolve the discrepan
@6–12#. In general the newer results, consisting mainly
differential cross sections, have tended to agree with the
meson-factory results near the 3-3~delta! resonance but
show a consistent difference with the older results at ener
below the resonance.

In 1989, a new experimental observable forpp elastic
scattering — the partial total, or integral, cross section
was measured by Friedmanet al. @13#. The technique in-
volves inferring the integral of the differential cross secti
outside some forward angle by measuring the beam inten
transmitted into that cone. By comparing the transmitted a
incident beam intensities, the integral cross section is de
mined.

High accuracy is not easily achieved in experiments
this type. The fraction of the beam removed by elastic sc
tering in the hydrogen target is less than a third of a perc
at the lowest energies reported here and only a few per
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PRC 59 1481PION-PROTON INTEGRAL CROSS SECTIONS AT . . .
on resonance. To measure the beam removal fraction at
energies to within a few percent thus requires counting
curacy in the fifth digit, including electronic stability and a
corrections such as for pion decay. On the other hand,
uncertainties for integral cross section measurements are
dominated by the statistics of the scattered particles, a
differential cross section measurements. For the inte
cross section measurements, the dominating uncertaintie
systematic.

Friedmanet al. used solid CH2 targets, and subtracted th
background from solid carbon targets in an experiment
scaled counts in scintillators. Data were not recorded dire
to tape for off-line analysis. Solid targets have the advant
of simplicity in differential cross section experiments whe
the scattering kinematics is fully defined, allowing elimin
tion of the carbon background. In beam attenuation meas
ments with undefined kinematics, however, that advantag
lessened by the carbon elastic and inelastic background

This paper reports an experiment which incorporated s
eral technical changes in the measurement of the inte
cross section. The experiment was performed at the Clin
P. Anderson Meson Physics Facility~LAMPF! in Los Ala-
mos, New Mexico. The experiment used liquid hydrog
targets which yielded a target-full–to–target-empty ratio
scattering events of about 3 at the lower energies and a
10 on resonance. A complete data acquisition system
used, and time-of-flight and pulse-height information for
scattering events were recorded on tape for off-line analy

II. EXPERIMENTAL APPARATUS

The experiment was conducted using the P3W pion chan-
nel at LAMPF@14#. The experiment employed the transm

FIG. 1. Diagram of the experimental setup. All counters a
plastic scintillators. The logic conditions for the experiment a
shown. The figure is not drawn to scale.
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sion method@15# to measure integral cross sections. A d
gram of the experimental setup is shown in Fig. 1. T
scintillator dimensions are listed in Table I.

Four plastic scintillators~S1, SV, S1.5, and S2! defined
the beam. The two smaller scintillators S1 and S2 defined
beam spot on the target. S1.5 was mounted with the l
guide rotated 180° to the opposite side of the beam line fr
the S2 light guide. This eliminated the possibility of coinc
dences being registered by Cˇ erenkov light produced by beam
particles passing though the light guides. The annular v
counter, SV, removed events from all LAMPF beam micr
pulses having extra pions outside the trajectories defined
S1 and S2. This greatly reduced the effect of beam dou
and higher-order multiples on the cross sections. All be
particles were counted according to a coincidence defini
between S1, S1.5, S2 and an anticoincidence with SV
BEAM5(S13SV3S1.53S2).

Downstream of the target, a movable detector S3 s
tended a cone of either 30° or 20° half-angle as seen f
the target center (u0 in Fig. 1!, and defined the experimenta
solid angle. The S4 counter defined the solid angle for eve
recorded to tape for off-line analysis. This solid angle w
much smaller than that of S3. These events were defined
coincidence between BEAM and an anticoincidence with
S4 counter or BEAM3S4. In addition, S4 continuously
monitored the efficiency of S3 and the associated electro
for counting beam pions, calculated as

h5
BEAM3S33S4

BEAM3S4
.

The value ofh was stable between 0.9999 and 1.0000.
Another scintillator S5 was placed downstream from t

target, providing a 6.2 m flight path between S1 and S
When collecting data at energies where there was signific
electron contamination of the pion beam exiting the chann
the difference between pion and electron time of flight~TOF!
from S1 to S5 was used to provide a verification of the e
ergy calibration for every data run. In addition, the TO
separation of pions, muons, and electrons over this dista
was used to monitor the pion fraction of the incident beam
the center of the target.

Typical beam rates varied from 500 to 2500 particles
second. The full momentum spread of the beam was 1–1
at the lowest energies~40 and 55 MeV! and was typically
0.3–0.5 % at all other energies.
ations
iameter
s.

t

TABLE I. Dimensions of the seven plastic scintillator counters used in the experiment, and their loc
relative to the target. All the counters were circular except S1.5 and S5, which were square. In the d
column, the full edge length of the two square scintillators is listed. All dimensions are in centimeter

Counter Inner diameter Outer diameter Thickness Distance from targe

S1 1.5 0.159 -142.9
SV 1.5 20.0 0.318 -140.7
S1.5 2.9 0.159 -19.4
S2 1.5 0.159 -11.6
S3 30.0 1.270 26.0
S4 12.0 0.318 58.2
S5 10.2 0.635 479
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1482 PRC 59B. J. KRISSet al.
III. TARGET

The two liquid hydrogen (LH2) targets were vertical cyl-
inders, 3.5 cm diameter by 7.6 cm high and 6.0 cm diam
by 10.2 cm high, contained in an aluminum vacuum cham
with Mylar entrance and exit windows. The targets could
drained to provide empty targets for background meas
ments. Each target had its own set of entrance and exit w
dows in the vacuum chamber. An electric motor drove t
jacks that could raise or lower the vacuum chamber, prov
ing a way to bring either target into the beam line. The v
tical cylindrical target cells were made from 125-mm-thick
Mylar wrapped around stainless steel end caps. For ins
tion against radiant heat transfer, both targets were wrap
with ten layers of 6 mm aluminized Mylar. The S2 counte
was placed as near as possible~about 11 cm! to the entrance
windows in the vacuum chamber. The entrance windo
were made from 125-mm-thick Mylar and were 5.1 cm in
diameter. The Mylar exit windows were 250mm thick and
19.1 cm in diameter. The exit windows subtended a cone
approximately 49° half-angle as seen from the target cen
easily allowing all pions that scattered into the solid an
defined by S3 to pass through the window.

The computation of the number of protons/cm2 in the tar-
gets was complicated by the fact that the beam axis
perpendicular to the axis of symmetry for the cylindric
cells. A parallel beam incident on a vertical cylindrical targ
will see an average path length through the target sma
than the diameter of the cell. The effective thicknesses of
target cells were measured by a stack of nine circular s
tillators, ST1–ST9, forming a range spectrometer in a m
ner similar to that of Franket al. @1#. All scintillators were
5.1 cm in diameter except ST1 which was smaller to ma
the beam defining counters; it defined the acceptance o
range spectrometer. ST3–ST6 were 1.69 mm thick; all oth
were 3.39 mm thick. Two distances from the target cente
ST1 ~53 cm and 69 cm! were used. The target thickness w
measured by determining the difference in total thickness
aluminum absorbers necessary to adjust the pion beam
ergy so as to stop the pions at the same depth in the s
under target full and target empty conditions.

For these thickness measurements, data were taken w
p1 beam of 51.1 MeV incident energy. The data were a
lyzed off line, where pulse height@analog-to-digital con-
verter ~ADC!# and time-of-flight @time-to-digital converter
~TDC!# information from ST1–ST9 and the beam defini
scintillators ensured that electrons and muons in the b
were eliminated. The average stopping position in the st
was determined from the distribution of number of stops
each scintillator. For the 6 cm LH2 target, the equivalen
thickness of aluminum was found to be 1.08
60.025 g/cm2. The target thickness was then calculated
be 0.42260.010 g/cm2 using the known ratio~2.582! of
pion energy losses@16# in Al and in LH2. Dividing by the
density of LH2 at the target temperature of 20.4
(0.0708 g/cm3) gives a target thickness of 5.9560.14 cm,
slightly less than the diameter of the target, as expected.
same technique was employed to determine the thicknes
the 3.5 cm target, with similar results.

The uncertainty in the final target thickness takes i
account a 0.5% uncertainty in the ratio of energy losses
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the two materials. In addition, inexact knowledge of the ra
of ortho- to para-hydrogen introduced an uncertainty
0.2%, and temperature variations in the target contribu
another 1% to the target thickness uncertainty.

The range spectrometer measurement of target thick
was repeated. Combining the results in a weighted aver
resulted in a final value of 0.420860.0082 g/cm2 for the 6
cm target. This thickness was used in calculating the fi
cross sections.

IV. DATA ANALYSIS

ADC and TDC information taped during the experime
were analyzed off line to extract the yields and perform s
tematic checks. Figure 2 shows a typical beam event hi
gram used for incident particle identification. The histogra
illustrates the polygon TOF cut used to separate pion be
events from those produced by muons and electrons. In
dition to the TOF cut, pulse-height cuts were placed on
S1, S1.5, and S2 ADC data words. The upper-level pu
height cut on S1 eliminated all beam events from doub
and higher-order multiples that missed SV but were part
the S1 and S2 trajectories. The pulse-height cuts on the
and S2 ADC data words removed pulses of large amplit
from both scintillators. This rejected events in which the
cident pion underwent a hadronic reaction in either detec
and deposited a significant amount of energy.

The S5 TDC spectrum was used to verify the beam p
identification, as discussed earlier, and shown in Fig. 3.
most of the experiment, S1 and S5 were separated by
proximately 6.2 m. The upper and lower histograms disp
data from the same run, but only particles that have pas
the TOF and pulse height cuts for pion identification such
shown in Fig. 2 are included in the lower plot. The data
Fig. 3 were taken at 110 MeV incident pion energy. T
length of the P3W channel is such that pions at this energ
and at several others used in this experiment, arrive at S
nearly the same time as electrons or muons from subseq

FIG. 2. Sample TOF histogram at ap1 energy of 59.3 MeV
showing beam particle identification. The horizontal axis is the ti
difference between S1 and S2; the vertical axis is the particle fl
time ~modulothe accelerator rf period! through the P3W channel to
S2, referenced to the accelerator rf signal. The time calibration
the TDC for this figure is 50 ps per channel. The polygon identifi
beam pions used in the data analysis.
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PRC 59 1483PION-PROTON INTEGRAL CROSS SECTIONS AT . . .
rf cycles, requiring cuts much tighter than the exam
shown in Fig. 2. At these energies, a large fraction of
beam pions were eliminated by these very tight cuts, res
ing in fewer pions in the lower histogram of Fig. 3. Such
reduction in the number of effective beam pions is no
disadvantage in a transmission experiment of this type, s
statistical errors do not dominate the final uncertainties.
suring a pure pion beam, however, is crucial.

Scattering events containing pions that scattered into
solid angle defined by S3 are not part of the integral cr
section and must be removed by the analysis process. Fi
4 shows typical histograms used to remove these pions.
histograms showp1 data from a pair of full and empty run
in the 30° geometry at an incident energy of 144.3 Me
Both histograms show the S3 pulse height spectrum plo
versus the particle TOF between S1 and S3. The upper
togram displays the polygon cuts used to separate th
events in which the pion scattered into S3 from those eve
in which the recoil proton from the full target scattered in
S3. Pions inside the polygons are the sole contributors to
number of pions that scattered into S3. The pion distribut
includes pulses of large amplitude due to pion absorption

FIG. 3. S5 TOF spectra used to verify beam particle identifi
tion. Sample TOF histograms are shown forp1 data at an incident
energy of 109.6 MeV. The horizontal axis on both histograms is
time difference between S1 and S5 in units of TDC channel nu
ber. The time calibration of the TDC for this figure is 60 ps/chann
A raw time spectrum, shown in the upper histogram, displays
separation between the three particle groups that exit the P3W chan-
nel. The time spectrum in the lower histogram is tested on the T
and pulse height cuts.
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S3. These pion events are shifted to apparent shorter fl
times by discriminator walk. The protons outside the po
gons are ejected from the LH2 target by backscattered pion
that are part of the integral cross section. In the lower his
gram, the proton distribution is largely missing because
histogram is from an empty target run. Like all the other c
applied in the analysis, the same polygon cuts were app
on these S3 histograms for corresponding full and em
runs.

TOF information was used along with the 2280 cm flig
path from the production target to S1 to determine the in
dent beam energy. The flight path consisted of the meas
1875.3 cm channel length@14# and the distance from the
channel exit to S1. This TOF information was available fro
the event data for each run. For center-of-target ener
from 39.8 to 119.4 MeV, the TOF difference between pio
and electrons from the production target to S1 was us
From 119.4 to 283.9 MeV, the TOF difference for pions a
protons was used. The energy losses in all materials a
the beam path were included in this analysis. These d
provided a60.5% uncertainty in the energies. The calibr

-

e
-

l.
e

F

FIG. 4. Recoil proton identification in the transmission count
Sample histograms from a pair of full and empty data runs at ap1

energy of 144.3 MeV. On both histograms, the vertical axis is
S3 pulse height spectrum in units of ADC channel number, and
horizontal axis is the time difference between S1 and S3 in unit
TDC channel number. The time calibration of the TDC is 60 ps
channel. Polygon cuts of this type were used to remove pions
scattered into S3 from the integral cross sections without remov
recoil protons from the target that scattered into S3. The variatio
the three polygons shown illustrates the technique used to exa
the sensitivity of the cross sections to the exact definition of
pion identification polygon.
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1484 PRC 59B. J. KRISSet al.
tion was verified by S1 to S5 TOF at energies below 1
MeV with 61.0% accuracy and at energies between 1
and 250 MeV with accuracy decreasing to65%.

The Monte Carlo programGEANT @17# was used to ac-
count for the effects of pion decay, multiple Coulomb sc
tering, and other physical processes that artificially incre
or decrease the number of beam and scattered pions. Fig
shows two Monte Carlo–generated corrections to the be
for decay of pions downstream from the last bending mag
in the channel. One of these two corrections is for pion de
upstream of S2; the other is for pion decay after S2. T
resulting muons form beam coincidences that cannot be
tinguished from pions via the polygon cut presented in Fig
because of the small TOF difference between the two p
ticles. A second correction was made for pion decay betw
S2 and the center of the target.

Four Monte Carlo–generated corrections for scatte
particles are shown in Fig. 6. The delta-ray correction de
with knockout atomic electrons from the target that can
S3 and appear to be pions in the S3 polygon cut. The pro
correction accounts for the fact that backscattered pions
produce recoil protons in the target that travel through b
S3 and S4. These events should be part of the integral c
section but they are removed from acquisition because
signal in S4 vetoes the scattering event trigger logic
shown in Fig. 1. This correction is dependent on the incid
pion energy and the S4 solid angle~see Sec. V!.

The remaining two corrections in Fig. 6 are for the effe
tive solid angle, and deal with processes such as mult
scattering and decay, which allow events in which pio
scattered outside the solid angle defined by the transmis
counter to be vetoed by a hit in S3 or allow events in wh
pions scattered inside the defined solid angle to be adde
the scattered events by not producing a hit in S3. These
corrections tend to cancel each other.

A correction, not shown in the Monte Carlo correctio
figures, was made to the cross sections for the differe
between full and empty target loss of muons from pion

FIG. 5. Monte Carlo beam corrections. Samplep1 beam cor-
rections generated from the Monte Carlo program. The correct
indicate the decrease in beam coincidences due to contaminatio
muons from pion decay. The statistical uncertainty in most of th
corrections is less than 0.02% of the cross section, which is
small to be seen on the scale of the plot.
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cay. Some low-energy muons from pion decay, those tra
ing backward in the pion center of mass frame, stop in
full target but not the empty target, thus artificially increa
ing the cross section. This occurs only for the lowest th
incident pion energies, and the correction was about 8%
the cross section at 40 MeV, 4% at 45 MeV, and 1% at
MeV.

V. SYSTEMATIC CHECKS

A number of tests were performed to assess the syst
atic uncertainties associated with various components of
experiment. These were related to the beam energy and c
position, the geometry of the experimental setup, and
data analysis.

As mentioned above, the energy of the beam was de
mined for each run by TOF techniques over multiple flig
paths, providing redundant results. In addition, beam r
tests were performed in which the beam coincidence
varied from 100 to 3000 particles per second, and the s
and location of the beam defining counters were varied. T
diameter of S1 and S2 and the hole in SV were decrea
from 1.3 to 1.0 cm, and S1 and SV were moved about 30
closer to the target. No significant effects on the cross s
tions were seen with these tests. Near 67 MeV, one other
concerning the beam energy was performed, in which
incident pion energy was adjusted for full and empty tar
runs to match the center-of-target energies. This requ
separate Monte Carlo simulations for the two beam energ
A 0.5% difference was observed in the cross sections, w
within the uncertainties.

The solid angle subtended at the target by the S4 dete
determined the rate at which forward recoil protons veto
good events at energies where these protons had suffi
energy to pass through S3 and hit S4. The Monte Car
generated correction to the cross sections for this effect
tested by changing the distance from the target to S4 at
lected energies. Data were taken at 174.1 MeV with the

s
by
e
o

FIG. 6. Monte Carlo scattering corrections. Samplep130° scat-
tering corrections generated from the Monte Carlo program. Th
corrections are for the 6.0 cm LH2 target only. The corrections
account for four different processes~described in the text! that af-
fect the scattered pion count. The statistical uncertainties are
small to be seen on the scale of the plot.
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PRC 59 1485PION-PROTON INTEGRAL CROSS SECTIONS AT . . .
detector moved 30 cm upstream from the nominal positi
This movement of S4 nearly quadrupled the proton corr
tion, yet the corrected cross sections agreed within err
Similar tests were performed at 99.2 MeV and 262.9 Me
with similar results.

In software, pulse height and TOF cuts were placed o
two-dimensional histogram of S3 ADC vs TDC to separ
forward scattered pions from recoil protons, as shown in F
4. The size and placement of these cuts were varied as sh
to test the effect on the resulting cross sections. The th
polygons shown in the figure gave cross sections differing
a maximum of 0.2%. This degree of stability in the extra
tion of the yields was found at all energies.

An independent method for removing the protons fro
the forward scattered pions is to insert an absorber upstr
of the S3 counter. This was done as a check on the softw
cuts, using an 8-mm-thick copper absorber of the same
ameter as the S3 counter. This absorber was less than 1
efficient since a hole 10 cm in diameter was cut in it to allo
the beam to pass through, but this region represents a n
gible fraction of the proton solid angle compared to that
the absorber. The resulting cross sections, including th
from the variations in the software cuts, agreed within
stated uncertainties with those from the nominal setup.

In addition to the systematic checks described abov
limited data set~eight energies forp1, one energy forp2)
was taken with the S3 counter positioned so that it define
forward cone of 20° half angle. The cross sections w
extracted as for the 30° data, and compared to phase
calculations. These results were consistent with those
tained at 30° and are not included in this paper.

VI. RESULTS

The integral cross sections listed in Table II were cal
lated using the expression

s int5
A

NAT
lnS R0

R D .

Here A is the atomic mass of hydrogen,NA is Avogadro’s
number,T is the target thickness in g/cm2, andR andR0 are
the fractions of incident pions reaching the S3 counter
full and empty targets, respectively, subject to the cuts
corrections discussed in Sec. IV. The uncertainties show
Table II include all statistical and systematic uncertaint
added in quadrature, except the60.5% uncertainty in the
energy calibration.

Scattering data forp2p were not taken at all the inciden
pion energies. There is the consideration that these data
not be as useful as thep1p data due to the inclusion of th
charge exchange~CEX! reaction in thep2p data. In prin-
ciple, a simple subtraction of the known CEX cross sectio
could yield thep2p elastic partial total cross section. Bu
the CEX cross sections form a large part of the quan
measured here and the large uncertainties in the exis
CEX data would give uselessly large uncertainties in
resulting cross sections. For example, near 100 MeV
CEX cross section makes up approximately 8064 % of the
integral p2p cross section outside of 30°. If the CEX
.
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subtracted from the partial total to extract the elastic con
bution, an uncertainty of about 40% is obtained.

VII. COMPARISONS AND DISCUSSION

The p1p integral cross sections are shown in Fig. 7
ratios to the the VPI phase shift prediction of Arndtet al.,
SM95 @4#. Also shown are the previous measurements
Friedmanet al. @13# and the Karlsruhe solution KA84@3#.
The two experiments are in good agreement throughout m
of the energy range, with only the very lowest- and highe

TABLE II. The p1 30° andp2 30° integral cross sections
The uncertainties shown include statistical and systematic contr
tions. The60.5% uncertainty in the beam energy has not be
included.

Tp ~MeV! p1 30° ~mb! p2 30° ~mb!

39.8 8.560.7 —
40.5 8.361.5 —
44.7 9.260.8 —
45.3 9.460.7 —
51.1 12.860.7 —
51.7 11.860.8 —
54.8 13.260.5 —
59.3 15.860.4 —
66.3 20.460.4 —
66.8 21.063.2 —
80.0 29.760.7 14.660.6
89.3 39.162.0 —
99.2 52.960.7 23.461.1
109.6 69.161.0 —
119.4 87.661.4 34.661.1
125.1 102.861.8 —
126.6 103.361.6 —
134.5 117.762.6 —
139.4 128.962.2 50.461.4
144.3 139.962.9 —
149.3 153.762.0 57.061.3
154.4 159.363.3 —
159.4 165.863.7 61.161.4
166.4 166.162.2 —
169.5 173.363.5 67.261.6
174.1 169.561.9 66.962.0
174.5 167.969.8 —
179.7 163.361.6 65.261.2
184.7 162.063.4 —
189.9 155.362.1 61.261.6
195.2 149.863.1 —
200.4 141.462.1 58.261.3
205.5 130.963.0 —
210.7 127.261.8 —
221.1 109.261.9 48.561.1
231.4 99.861.8 —
241.9 85.861.5 37.560.9
252.3 74.961.3 —
262.9 65.660.7 32.860.8
283.9 52.661.2 27.360.7
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energy points of Friedmanet al. differing by as much as a
standard deviation from the present measurement. The
are described best by the SM95 phase shift solution, e
cially in the region below 100 MeV. This is no surpris
since this solution is based on more recent database
which KA84 did not have access.

Thus the present measurements tend to support the m
modern database, including the low-energy differential cr
sections. While the general trend toward lower cross sect
at energies below 100 MeV appears correct, there are
gestions@18# that the present results and those of Friedm
et al. @13# may be higher than the integral from 30° to 18
of recently measured differential cross sections@1,6,7# at
similar energies. The reasons for these apparent differe
are not understood.

While SM95 provides the better fit to the full data set,
falls about one standard deviation lower than the present
in the region between 100 and 170 MeV. It has been sho
that SM95 provides a good fit to recent differential cro
section data in this region@11#.

The p2p results are compared with KA84 and SM95
Fig. 8. As with thep1p data, the trend is toward agreeme
with both phase shift solutions near resonance, but with
data dropping below the KA84 solution at lower energi

FIG. 7. Ratios of thep1 30° integral cross sections from th
present work and from Ref.@13# to the SM95 predictions. The
KA84 solution is also shown as a ratio to SM95.
ki
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This is in agreement with the SM95 phase shift prediction
should be pointed out that the curves representing the p
shift analyses in the figures contain contributions from
elastic channel outside of 30° and also from the total cha
exchange reaction, while the data points do not include so
small fraction of the charge exchange reaction inside 3
This is due to the nonzero efficiency of scintillators for d
tection of the neutral reaction products of the charge
change reaction, which would veto some CEX events ins
the 30° cone as described above. While this effect is sma
may account for as much as 0.01–0.02 of the observed
ferences in the ratios shown in Fig. 8.

In conclusion, these new data add to the modern datab
for pN scattering at low incident pion energies, and re
force earlier findings that pre-meson-factory phase s
analyses suffer from deficiencies in the database of that t
period.
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FIG. 8. Ratios of thep2 30° integral cross sections from th
present work to the VPI SM95 predictions. The Karlsruhe solut
KA84 is also shown as a ratio to SM95.
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