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We report a measurement of charge symmetry breaking iNtig system. We have measured the ratio of
the differential cross sections of the charge-symmetric reactiois— pp» and 7~ d—nny in the energy
region of they threshold. Our result iR=do (7" d—pp»)/do(7 d—nn»)=0.938+0.009 after a phase-
space correction is made for the difference in the threshold energies of the two reactions. The devRition of
from unity is an indication of charge symmetry breaking, which is mostly dug®o; mixing. A theoretical
model for » production which includesr®- » mixing was used to fit the data and yields a mixing angle of
(1.5+0.4)°. Our result is consistent with the mixing angle determined in particle decay and isospin-forbidden
processes as well as predictions by several theoretical analyses which=yiélcind another which yields
~2°.
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[. INTRODUCTION gion of thew threshold 1-3|, see Fig. 1. The matrix element
for p%-w mixing of the isospin eigenstate in the Hamiltonian
Charge symmetryCS9) is the invariance of the strong in- representation is proportional to tleed quark mass differ-
teraction under the interchange of the up and down quarksnce:
[1]. The charge symmetry operategs changesl quarks into

u quarks and vice versa: ~0 ~ 1 — — — 1 -
(p°|Hplw)= E(uu—dd) mgdd+myuu E(um—dd)
Pcs|d>:|u>1 Pcs|u>:_|d>- D 33
The Lagrangian of QCD can be separated into two pdtts: 1
=L+ Ly, The first termL;; is flavor independent because = z(mu— my), (3b)

it has only quark and gluon fields. The second tefgde-
pends on the quark fields and the current quark masses whi

o . %here the tilde over a bra or ket vector represents the isospin
cause the violation of flavor symmetry in QCD: b P

eigenstates. In an analogous fashion, the pseudose3lar
mixing is also found to be proportional to thed mass

difference alone, due to the negligibly sma8 contribution

0 .
Flavor independence is the assumption that the strong intp the 7~ meson:

teraction is equal for all quark flavors when quarks are mass-

less. Charge symmetry is the manifestation of this with ref- 1

erence to thes andd quarks. Since quarks have an electric <}O|Hm|;]>:<_(uj_ dd)

charge and magnetic moment, QED breaks flavor indepen- V2

dence. The charge symmetry breaki@§SB) resulting from

the =3 MeV mass difference of tha andd quarks is re- 1 — - —

ferred to as intrinsic CSB. +mss ﬁ(uu+dd—ss)> (48
One way intrinsic CSB can manifest itself is through me-

son mixing. A well known example of this in nuclear sys- 1

tems isp®-w mixing as seen, for instance, in the ratio of the = —(my—my). (4b)

reactions7'd— 7" 7 pp and 7 d—a "7 nn in the re- V6

Ln=—mgdd—myuu— ... . (2

mgdd+myuu

We assume here that thgis a pureqastate with an ignor-
*Deceased. ably small gluon component. We have usgg=35.3° for
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in the region of they threshold. Charge symmetry requires
that this ratio be equal to unity at all incident pion energies

R and for all final state kinematics after an adjustment has been
made for Coulomb interactions and thep mass difference.
L It is possible thatr’- 7 mixing could be strongly enhanced
by theN* resonancé,;(1535), which decays largely via the
= 7N (30-559% and 7°N (35-50 % channels.

Flavor symmetry ofu, d, and s quarks is apparent in
SU(3) symmetry, which is observed in baryon and meson
spectroscopy, despite the sizeable mass difference between
the s andu or d quarks. CSB provides us with a means of
evaluating the mass difference of thandd quarks. There is
much evidence for CSB but most of it is statihe difference
between particle masses for a particular momentum trans-
fer, such as the difference in isospin related decay rates. The

" o (mb/cev?)

iq\:

| O
: _x_x_*__»é_f.zf*-f-’fﬁ_ﬁf

‘ X
--*‘ﬂ‘*;*- % X reactionsm*d— NN offer the possibility to investigate the
dependence of CSB on total energy and momentum transfer.
L . | ' L L ' This is of interest because QCD implies that CSB should be
0.6 0.7 0.8 0.9 .
dependent on energy and the nuclear environment.
My (GeV)
FIG. 1. Example of°-w mixing obtained in a measurement of Il. THEORETICAL MODEL FOR 5 PRODUCTION
7 d—7 7 nn (o) andwtd— "7 pp (+) from Ref.[2]. WITH 7% MIXING

) L i . ~ In order to extract the magnitude af’-» mixing using
the vector octet-singlet mixing in the isospin eigenstate he reactionst=d— NN, a theoretical model for this pro-
andfp=—19.5° for the pseudoscalar octet-singlet mixing in cess is needed that includes the following:

7. These values have good experimental and theoretical jus- The effect of then-p mass difference and Coulomb en-
tification [4]. The physicalr® and  mesons are represented ergy. Then-p mass difference causes an energy difference
as mixtures of the meson isospin eigenstates described byof 2.6 MeV between the reaction thresholds. The Coulomb

w°%- 5 mixing angled,,,,: energy between the charged pions and the deuteron reduces
this effect by ~0.8 MeV [5] for a total effective energy
|w0)=cosﬁw,,|7r°>+sin 07,,7|77>, (5a)  difference Eq (7~ d)—Ey (7 d)~1.8 MeV. This corre-
sponds to a relative beam momentum threshold difference of
| 7)=—sina,,|7%+cosd.,, | 7). (sh)  ~2.6 MeVlc, which affects the phase space for each reaction
m 7 differently.
This is the mixing angle which we wish to determine from  The mass splitting of the5,,(1535) doublet. Theu-d
the ratio of the differential cross sections foi' d—NN7. mass difference 0f3.4 MeV gives a mass splitting between

This 7%- 7 mixing has been clearly observed in selectedthe Si; and thes;; of 3.8 MeV. The Coulomb correction to

decays, specifically in the ratio of the CSB to CS-conservedhe masses is estimated to lg(udd) —E,(uud)~—2
decay rates:R,=I(n'—37%)/[(7'—27%;) and R, MeV. This gives an overall mass difference-f..8 MeV.
=T(¢' — ym°)IT (' — ). It also contributes to the dif- The difference in the yvidths of th_éll(1535) doublet. We
ference in thexn andp p scattering lengths, the magnitude of aré not aware of an estimate for this. _
the analyzing power in thep interaction, and the Nolen- The dlfferencg in the mgson—nucleon coupling constants
Schiffer anomaly[1]. Detailed model calculations indicate "% andppz. It is argued in Ref[6] that the CSB effects
that these phenomena are dominatedpByw mixing, and ~ are about-1.1% fornn» and +1.1% forppz.
the uncertainties in the Ca'cu'ations make the drawing Of D|fferences In the f|na| state Interactions betWeen the
conclusions onr®- % mixing difficult. nucleons. _ .

The difference between the€ andw masseg~12 MeV) A phenomenological model of the~d—NN» process
is much smaller than the difference between #feand ~ has been developed by members of our collaborafiGn
masses~412 MeV). Also, the 7° and the» widths (7.8 based on the coupled channeh- »n amplitudes from Ref.
+0.6 eV and 1.280.11 keV, respectivelyare much nar- _[8]. A fully relativistic calculation of therd—NN7 process
rower than thep® (151.2¢1.2 MeV). It could be that the IS perfor_med,_ based on the dominant du_’;\gram shown in Fig.
large mass difference between th& and they suppresses 2.1 The invariant matrix elemen®] describing this process
mixing effects in low energy processes where this only a 'S
virtual particle that is far off-mass-shell.

This experiment was designed to study on-shefll »

mixing by measuring the ratio 1t should be noted that some of the next-order diagrams are ef-
fectively included in the model since experimental data were used
R=do(m"d—ppn)/do(m~d—nny) (6)  to determine therN— #N T-matrices.
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FIG. 2. The dominant diagram for thed— NNz process.
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We use the Bjorken-Drell conventiop,, py, P,, P1, P2
are the four-momenta and;, A1, \, are the helicities, with
the subscripts given in Fig. 21 andv are nucleon Dirac
spinors,e, , is the deuteron rotation parameter, ands the
exchanged-nucleon mass. Thé\- 7N vertex is described
by the invariant functionsA and B (functions of thewN
center of mass energW and anglef) which have been
expanded usingrN— zN partial waveT-matrices generated
from the coupled channel partial wave analysis of Ré&f.
Then-p-d vertex is described by the invariant functioBg

PHYSICAL REVIEW D63 052001

T(m p—yn)=(m p|T|nn)y=cosb,,T;—sinb,,To,

'y
9
T(m " n—np)=(7"n|T|np)=—cosb,,T5—sind,, T,
(10

whereT7o andT;, are defined as

Too=(m pIT[7om)=(x"n|T|7%), (1)

T5=(m p|T|gny=— (" n|T|7p). (12)

T(7* n— »p) then can be obtained from tAematrices for
m p—nn and 7 p— 7On:

T(m n—gyp)=—T(m p—yn)

—2sing,,T(m p—=°n). (13
If we assume that all CSB imd— 7NN processes is asso-

ciated with» production, we can write the ratio of the cross
sections as

Tro
R=1+4 tanﬁmR ? .
7

(14)

Thus, the deviation oR from unity is very sensitive to a
non-zero value for the mixing angle.
The result of the coupled channel partial wave analysis

andGj, which are fitted to modern electron scattering data of[g] yields 7~ p— 7n partial waveT-matrices that can be

the deuteron10].
The differential cross section is expressed as

d°o — Mot zq)J 8
W—| g Jrsis (8a)
2 2m2
with &= —— PyPL . , (8b)
64m°W,(p1Wo—W1p;- o)
and ¥=/(p,- pg)?—m>mj. (89)

® is the phase space for the reactidn;s the flux, andl;;

is the final state interactio(FSI) for which we have used a The kinematical factor&.
standard Jost'S; function which depends on the relative For TPWA( 7~ p— 7%n) w

nucleon-nucleon momentum. The, represent the c.m. en-

used for thewr d— »nn calculations. We can include the
%~ mixing to first order in the mixing anglé,, to obtain
the #"n— »p T-matrices to be used for the"d— npp
calculations:

Tl pwa - Kap
K T b

T(m 'n—yp)=
7N

K
—2sin 0, TPWA 7~ p—7'n) K—"p )

m-n

(15

ij ensure good threshold behavior.
e have used thsalD sm95 solution

[12], and our own coupled channel partial wave anal{8]s

ergies for the appropriate particles. Coulomb effects are ing, TPWA -~ p— 7n).

cluded for thepp final state. We used-18.5 fm and—17.6

fm for the nn and pp 1S, scattering lengths, respectively,

and 2.86 fm for both effective rang¢4,11]. The FSI be-

tween then and the nucleon was neglected. No initial state

interactions were included.
The #°- » mixing was incorporated in the functiossand

In the above relations, we have ignored some kinematic

factors such as CSB differences in t§,—S}; doublet.
These effects are of the ordmsrl— msgl’“—o-7 MeV per

degreed,,. For example, in theS;; partial wave we have
Ms# — Mg = —0.2 MeV for 6,,=0, while Mg —Mso,

B via the WN— »N T-matrices. This is done by expressing =—1.6 MeV for 6,,=2°.

the matrix elements for the transition operator of the physical

particles for the two free production reactions using &t):

In terms of the invariant matrix element, the differential

cross section for the complete experiment can be written as
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d°o _ | Adx1x2| YexpocEf dp”J dQnA(pn,Q”)J dglm,
pv) n 1
dp,dQ, 40 \(p,,- pg)?—m2mj
17
p5pIm’
X 7 Jisi- whereE is the overall detector efficiency. From these quan-
64775W7](p1W2—W1f)1- P,) tities, the actual yields in our detector are predicted by the

(16 model.

. . Ill. EXPERIMENTAL LAYOUT
In order to compare the data to the model, it was easier to

calculate experimental yields directly by calculating the The floor layout of the experiment is shown in Fig. 3. It
“differential acceptance,”A(p,,,#,), which gives the prob- includes the beamline downstream of the particle velocity
ability of this experiment detecting’s emitted with lab mo-  separator, the liquid deuterium target, the spectrometer for
mentump,, at the lab angled,,, uniformly distributed over detecting the photons from the decay, and the beam stop.
¢,. The total cross section and acceptance were determinddot shown is the beamline upstream of the particle velocity
by integration over the; angle and momentum variables:  separator consisting of the bending magnet, D1, which se-
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lects the polarity and momentum of the channel, two pairs otounter to define the beam for monitoring the electron con-

focusing quadrupoles, Q1-Q4, and t&o< B field separa- tamination.
tors. Further details of the detector as well as data taking and A 3 mm thick lead foil was mounted in the upstream
data analysis are given in the dissertation by Mir(g]. entrance to the “mass-slit” collimator to reduce the number
of electrons in the beam. At 720 Mew/this foil reduced the
electron contamination from 50% to about 3%.
The beam trigger was formed by a coincidence between
The experiment was conducted in the C8 beamline of theintjllator S1(6.0x7.0x0.64 cnd), just upstream of the en-
AGS at Bro_okhaven National Laboratory. This t_)eam"”etrance to Q6, and ST5.0x5.0x0.64 cni), located 623 cm
normally delivers a separated, momentum—.recombmed beal}, 4 181 cm upstream of the target, respectively. Four scin-
of pions, kaons, or antiprotons up to a maximum momentuasion veto paddies located 62 cm upstream of the target

of ~750 MeV’C- The “mass SI'.t n F'g'. 3 consists of a pair Qefined a 2.&2.8 cnt rectangular aperture for the beam; all
of tungsten jaws that are vertically adjustable and located . : : .
eam particles outside this aperture were rejected.

the vertical focus of the beamline located in the aperture o The relative pion flux was monitored by two scintillation

Q5 downstream of the tw&x B field separators. The 1ast o ntere(14x14x1.0 cf) mounted 88 cm downstream
three quadrupoles, Q6-Q8, and the wedge dipole magnet %m ST, one above and the other below the beam, such that

provide the final control of the pion beams on target. Theyﬁach made an angle of 50° to the beam axis. These counters
are also used as a momentum spectrometer to determine the

individual momentum of the pions. The beam drift chamber: easuredr-p elastic scattering from the hydrogen in the ST

provide the track information necessary to make the momenOUNter at the “symmetric” scattering angle {= 6,) for

tum measurement. They also give the individual piory  °Ur momentum range. Thi.s geometry aIIoweq for the simul-
coordinates at the target which were used in the offlind@n€ous detection of the pion and the proton in both counters
analysis to reduce background from the beam halo. A tengither as pion-up and proton-down or vice versa. The ratio of
element, horizontal hodoscope was mounted immediatelpion-up to pion-down events provided a good beam align-
upstream of the first drift chamber to resolve multiple hitment monitor. This reduced systematic errors due to differ-
ambiguities arising from the high instantaneous rate in thi€nces in ther™ and 7~ beam positions. Particle identifica-
region. tion was obtained using pulse height and time-of-flight
The beamline was originally designed to produce kaonTOF) information.
beams with a large angular divergence and momentum dis- We minimized the relative difference in momentum be-
persion for maximum flux. These features produce a beam afveen thew" and =~ beams by carefully monitoring the
a very large cross-sectional area which is unacceptable fattio of the currents in the two bending magnets, @bt
our purposes. Since the pion flux was much larger thaghown in Fig. 3 and D2. Since D2 was used as the momen-
needed, we obtained a smaller, less divergent beam with 1%9m spectrometer, its current was kept constant and adjust-
momentum dispersion by reducing the momentum accepments were made to the D1 current to maintain constant
tance. This was accomplished by reversing the polarity of thgeam conditions; this insured that we had the same beam
first two quadrupoles of the beamline which determine th&,omentum at the target. The magnet currents for the beam-

A. C8 beamline

' ; ween ther™ and#~ settings for D1 which would appear to
Icomng and 1.27 cm wide. They formed a horizontal gap of 6'4correspond to a difference in momentum of about 10 MeV/

The difference, however, is attributed to the horizontal steer-

A 30 cm thick steel wall, which contained a lead collima- . fthe b by th q | h A
tor with a 11 cm wide by 10 cm high aperture, was located"d Of the beam by the quadrupole Qabt shown in Fig. B

immediately downstream of Q8 and provided primary shield-Q4 iS located between D1 and D2 and vertically focuses the
ing of the experiment from beam-related background. ThiP€am at the mass slit. This steering was minimized by the
aperture was enlarged during phase Il to<18 cn? to ac- heavy collimation of the beam which selected only the cen-
commodate a larger beam. A second steel wall, 15 cm thickral portion of the beam. TOF measurements, described be-
shielded the spectrometer from beam scattering by the led@w, with K= mesons confirmed that the different settings for
collimator and secondary particles. This wall was locatedD1 did not result in a difference in momentum for the

122 c¢cm downstream of the primary wall and had a 30 crmbeams.

square opening for the beam so as not to provide additional The absolute beam momentum was obtained by calibrat-
scattering. After passing through the target, the beam wainig D2 using two different methods. One was TOF measure-
absorbed in a concrete beam stop; another shield wall ahents using a kaon beam at various momenta over the range
concrete was located immediately upstream of a gaei©&  of the experiment. The other used TOF measurements of
kov counter to shield the experiment from back-scatteredheutrons from ther™ p— »n reaction to determine the beam
particles from the stopped beam. The cylindrical gase@- momentum relative to the known beam momentum forhe
kov counter was 25 cm in diameter and 128 cm long; it waghreshold at 684.7 Me\¢. This required replacing the deu-
used to measure the electron contamination of the beam. ferium target with liquid hydrogen. The bank of neutron
15.2x15.2x1.9 cnt scintillator was located behind the counters shown in Fig. 3 was used for this purpose.
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B. The n spectrometer All interactions in the spectrometer elements and target
were simulated using theeaNT 3.21 software package from

The two photons were detected by thespectrometer made CERN[14]. This simulation was used. to understand the cali-
of two Nal calorimeters which were mounted on movablebrat'on and backgrounds. The combined energy and angular
arms attached to a common pivot underneath the target. THESO!Ution of the spectrometer as measured bythedth of
length of the arms was also adjustable. Each calorimeter wgg€ 7 invariant mass ranged from 3 to 6 % depending on the
a 4x 4 array of crystals, each 10<10.2x40.6 cn in size. beam momentum and opening angle setting. The variation in

Each crystal was housed in a 0.5 mm thick stainless stedfSelution was due to the coarse angular resolution of the
canister with a 0.8 cm thick glass window for the coupling toSPectrometer which is the combined result of the size of the

an 8.9 cm diameter phototube. These calorimeters were tHgYStals and the close proximity of the calorimeter counters
central part of the Los Alamog spectrometer, which was to the target. T_he length of the spectrometer arms was chosen
built originally by Penget al.in 1986[13]. The spectrometer as a compromise between angular resolution and acceptance.
was used to measure the energy and position of the incident

photons. Each arm was mounted on separate air pads so they C. The liquid deuterium target

could be moved independently. The target flask was a horizontal cylinder 2.6 cm long
In Fig. 3 one can see a blowup of one spectrometer arnmade of 0.13 mm thick mylar. It was 6.3 cm in diameter and
The elements of each arm, in order of traversal by the photoRad rounded endcaps. The maximum target length along the
from the target, are the followingia) three vertical, non- beam axis was 6.1 cm. The target length was kept small to
overlapping scintillation counters of dimension 1843.2  minimize the degradation of resolution due to the uncertainty
X0.6 cn? to provide an initial charged particle ve) a 2.5  in the interaction vertex. The cylindrical wall was wrapped
cm thick, borated polyethylene absorber mounted immediwith 30 layers of superinsulation, and 20 layers were used on
ately behind the vertical vetoes to stop low energy protonshe spherical endcaps through which the beam passed. The
and neutrons(c) a second layer of horizontal, overlapping latter was done to reduce background from beam interactions
scintillation counters of dimension 15¢28.3x0.6 cn? in the target flask. The vacuum chamber surrounding the
placed immediately in front of the Nal blocks for a chargedtarget volume had the shape of an elongated clam shell that
particle veto,(d) the Nal crystals mounted in an open-facedwas 58.4 cm long, 15.2 cm wide, and 12.7 cm high. A 0.64
aluminum box behind these counters, af@l a plane of mm thick mylar window covered the aperture of the chamber
horizontally-mounted scintillation counters installed on thewhich allowed laboratory angles for each spectrometer arm
upstream side of the calorimeters to veto charged particlel® be as large as=170°. The beam entered the vacuum
coming from beam scattering upstream of the target. Thesghamber through a 10.2 cm diameter, 0.64 mm thick mylar
counters extended beyond the Nal blocks to cover their fronfindow in the upstream face. _ _
faces and eliminate any dead spaces for the active veto sys- Ay hydrogen in the liquid deuterium would make a di-

tem. The rates in these counters were very low as a result 4£¢t: charge-asymmetric contribution. A chemical analysis of
the second steel wall which shielded the spectrometer our liquid deuterium indicated 0.93% of HD and less than

0 L
The neutral event trigger was generated by the coincip'(zlS.A’ t?\f |-I£ c_(t)ntammg:!o_r: fo][ t?]ur phe}se_l sa(TpIes. T_he
dence of a beam event and a spectrometer event. The be ﬁ]i er1s the imit in sensitivity of the analysis and IS consis-
Ent with zero. During phase Il of the experiment, analytical

event is the coincidence between the two beam counters X . -

and ST in anti-coincidence with the four beam halo vetograde deut_erlum gas was used. This provided a check on the

. L 1% correction made to the rati®for the hydrogen contami-

counters. A spectrometer event is the coincidence of the Si%iation in phase .

nals from the Nal counters in both spectrometer arms. We

required that the energy deposited in each arm be greater

than 150 MeV. The spectrometer veto counters were not part

of the trigger. The incident beam momentum was varied from 655
Data were taken with two different triggering configura- MeV/c where the yield is quite small up to 752 MeV\.

tions of the spectrometer, referred to as phases | and II, séEhe specific values of ourr™ and 7~ beam momenta are

Sec. IV. This was done to study systematic errors in theenumerated in Tables Il and IV discussed in Sec. VIII and

spectrometer system. In phase | the spectrometer energy susec. IX.

consisted of the inner four Nal counters of each arm. In The configuration of they spectrometer was chosen to

phase Il all of the crystals for each arm were summed t@ptimize they yield. The distance of each Nal calorimeter to

form the signal; but a lead collimator with a 3%30.5 cnt  the deuterium target was set to 47.5 cm for most of the

opening was placed in front of each Nal array, between thexperiment. In phase I, one complete ratio measurement was

two sets of front vetos, with the polyethylene absorber insidenade with the distance increased to 87.5 cm at 752 MeV/

its aperture. This provided a well defined photon aperture fobeam momentum to investigater? background under thg

the triggering of the spectrometer which was larger than thénvariant mass peak. The angle of each arm, measured rela-

inner four counters but smaller than the full area of the Naltive to the beam axis, was chosen to be the same. The angle

array. The larger aperture increased the acceptance of easlas experimentally selected to maximize theyield. The

arm of the spectrometer by more than a factor of two. value of this angle for both sets of data varied from 75° for

The » meson was identified via the decay mogle>21y.

IV. EXPERIMENTAL METHOD
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the lowest beam momentum to 55° at the highest; correing the target assembly and air were made to the TOF mea-
sponding to nominal opening angles of 150°—-110°, respecsurements.
tively. In general, this procedure favoredproduction in the After the experiment, an independent calibration was
forward direction and the spectrometer arm angle to belone by measuring the neutron TOF from the reaction
placed near the maximum of the Jacobian. During phase b~ p— #n with the liquid deuterium replaced by liquid hy-
we took 752 MeV¢t data at four different opening angles to drogen. This method was obviously restricted7to0 beam
investigate the dependence of theproduction asymmetry momenta above the threshold. Two measurements were
on the opening angle. made at 725 and 749 Me¥/ Four large plastic scintillation
In phase |, the spectrometer acceptance was restricted lmpunters placed 387 cm downstream of the target were used
the trigger to the central four Nal blocks; this configurationto detect the neutrons with a time resolutiorre600 ps. The
gives a high resolution for the invariant mass because the two neutron peaks associated witproduction which result
energy leakage from the outer edges of the Nal arrays ifom forward and backward scattered neutrons in the TOF
small. In phase Il we placed lead collimators, described irspectra were fit and the time difference calculated. The beam
Sec. Il B, in front of the Nal calorimeters and accepted sig-momentum relative to the threshold is determined from
nals from all of the crystals in the trigger. This gave a wellthis time difference and the lab angle for the neutron.
defined angular acceptance which extended to the centers of There is excellent agreement for all momenta above 700
the outer layer of Nal crystals, increasing our acceptance d&leV/c. Our TOF calibration usingt™ andK~ beams veri-
the expense of a reduced invariant mass resolution. fied that the momentum was indeed the same for both charge
Data with a liquid hydrogen target were taken at the endstates to an accuracy ef+2 MeV/c, well within the 1%
of the experiment(phase I} to compare with our Monte momentum dispersion of the beam. The proton calibration
Carlo (MC) calculation of ther™ p reactions. data below 700 MeW is of poorer quality, so we have
extrapolated our calibration below 700 MeaVby using the
known shape of the momentum dependence on D2 current as
determined by the Crystal Ball detector measuring the reac-
The beam momentum calibration required the determination =~ p— m°n, subsequent to this experiment. This reac-
tion of the absolute beam momentum measured by the beation has been measured for beam momenta as low as 200
spectrometer as well as the relative beam momentum andeV/c and the shape is in good agreement with the proton
phase space between thé and7~ beams. Since our test of TOF measurements as well as with an earlier, independent
charge symmetry breaking involved a ratio pfproduction  calibration done by another experiment. Based on the vari-
for 7+ and 7~ beams, it was essential to maintain the sameance of the D2 current for the* and =~ beam data, we
momentum for each beam polarity. Because the momentur@stimate an uncertainty of 0.5 Me¥/n the relative mean
dispersion was about 1%, we wanted to achieve a constanglue for them™ and 7~ beam momenta. The contribution
momentum to within a few Me\d. of this uncertainty to the ratio is small compared to the sta-
The primary means of calibration used high precision di-tistical error and can be ignored.
rect TOF measurements of kaons and protons in the beam.
K* andK™ mesons were used to determine any differences VI. RELATIVE PION FLUX DETERMINATION
inthe 7" and7~ beam momenta. The protons provided our
only calibration data for beam momenta below 700 MeV/ Our primary means of determining the pion flux was the
The technique used two counters in the flight path of thecoincidence between the two beam scintillators S1 and ST.
beam, one located at the position of ST and the othet  The accidental rate was a few percent. Since our measure-
shown in Fig. 3 immediately in front of the €renkov ment involved the ratio of two cross sections, only the rela-
counter. This provided a flight path of 63%0.5 cm. The tive beam rate forr™ and =~ needed to be determined. This
signals from these counters went to constant fraction disrelative flux ratio was independently monitored viarap
criminators which supplied stop signals to two independenelastic scattering monitor using the ST counter as a proton
time to digital convertersTDC)’s for each counter. These target. Them-p elastic monitor consisted of an UP counter
TDC's were calibrated periodically throughout the data tak-located 50° above the beam line as measured from ST and a
ing period using an 80.000 MHz precision oscillator. DOWN counter located symmetrically below the beamline.
The TOF measurements were made in pairs with the reafhis angle was chosen because it corresponds to the average
TOF counter first located in its normal position, in front of laboratory pion scattering angle that equals the proton labo-
the Gerenkov counter, and then moved forward to a positiorratory recoil angle at these beam momenta. Figure 4 shows a
just behind the forward TOF counter. The beam TOF wa2-D plot of the UP counter analogue to digital converter
determined by taking the difference of the statistical average6ADC) versus the DOWN counter ADC. An elastically scat-
of the two beam TOF distributions for every pair of measure-tered event will appear in one of the two loci in the plot
ments. This technique gave a time resolution better than 38epending on which counter detects the proton with the other
ps at the highest momentum. Monitoring the mean and sigmeounter detecting the pion. By selecting these loci, the elastic
values of the electron peak in the TOF distributions providedevents were counted with backgrounds of only a few percent.
a real time check on systematic drifts. Absolute measure- To verify the consistency of the beam monitoring, we
ments were obtained with a precision of 2.5 MeVEnergy  have plotted in Fig. 5 the ratio of the*p and 7= p yields,
loss corrections due to the material in the flight path includ-which is equal to the ratiodo (7" p— 7" p)/da(7 p

V. BEAM MOMENTUM DETERMINATION
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1000 T TTT T Tt tum which have not been included in the data from Refs.
- : . [17,18. The disagreement between our data and that of
I 7 Gordeevet al. at 725 MeVEk is due to a disagreement in the
800 |— L ' o ] 7~ p elastic data. Our data are consistent with R&8] in
LT e 1 the =" p channel.
T . A The only source of error in the flux monitoring would be
T 7 due to a difference in the electron and muon contamination
600 e o ] in the pion beams. The fraction of electrons in the beam was
‘ ‘ _ measured by the €enkov counter to be 3-5% depending
. upon the beam momentum and the percentage was essen-
] tially charge symmetric. The muon contamination was deter-
mined by range measurement to4& % and independent of
momentum and polarity in this experiment. Based~e5%

e fluctuations in the phase l* flux monitoring relative to
T phase I, we assign a 10% uncertainty in the determination of
the beam contamination of one polarity relative to the other,
Lo | resulting in a 0.5% systematic uncertainty to the ratio.
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VII. CALORIMETER GAIN CALIBRATION

FIG. 4. Scatter plot of the energy deposited in the two beam

monitor counters that detecteetp elastic scattering showing the
clean identification of pions and protons by pulse height.

Cosmic ray data were taken continuously throughout the
running period to provide a relative gain calibration of the

Nal calorimeters. Scintillation counters placed above and be-
low each calorimeter provided the trigger for these events
both during and between beam spills. This trigger, along

. ) 'YS&Rith random triggers for pedestal determination, allowed us
(PWA's) [12,15,14. The SM95 solutions given for two dif- to, monitor rate-dependent gain shifts in each calorimeter.

ferent scattering angle_s demonstrate the chang_e in shape ‘Pﬁese shifts were small as expected from the low counting
the expected distribution due to the symmetric scatterin

angle changing from about 51° at 650 MeMb about 49° at Yates. The energy deposited by the cosmic rays does not pro-

vide an absolute calibration. We found that the cosmic ray

750 MeVic. The phase | and Il data show excellent agree- alibration must be increased by 14% in order to obtain the

ment with one another as well as reasonable agreement Wil - i 2o o+ hass for the. MC simulation of the spec-

Ejhet P|\rl1vfr\ns rFori Cf;?pﬁr'gogigtve lh‘a/% alr?g gclgded texl'St'nQrometer indicated that about 10% of the photon shower en-
ata S region from Sa al. a ordee\et al. ergy is not included in the shower reconstruction. The re-

[18]. There is excellent agreement at 650 Meéhd reason- maining 4% is believed to be due to the combination of

able agreement at 680 MeM/The' d!ﬁergnce between the several effects(1) the different way that light is produced in
two sets could be due to uncertainties in the beam momene . \al crystals by photons and cosmic ray muons, @d
uncertainties in the geometric positioning of the calorimeters

—ar p) at f,p=(50x2)°, as aunction of beam momentum

al4r T relative to the target.
L = X :
=13 RN\ MB 7
+§ r il v b S VIIl. ETA ANALYSIS
212 F .
= ¥V Phase I . . . . .
& r TN A Foase . The objective of this experiment was to determine the
L1 * Gordeevetal. relative ratio of » production in #*d—pp» and 7 d
L —¥ ¢ Sadler et al. . . . .
[ —nnn.
B nnzn. Each reaction was identified by detecting only the
- neutraly meson via its two-photon decay mode. The analy-
09 [ sis consisted of determining the numbersp§ per incident
. pion for each run. We identified the meson by reconstruct-
08 oy ing the two-photon invariant mass from the energy and po-
r A sition of the photon cluster in each spectrometer arm via the
0.7 b P relationM 1,= \2E,E,(1—cosé;,), where the indices 1 and
0.6 Lo lri v 2 refer to the photons and, is their opening angle.
620 640 660 680 700 720P K/?ev /Z;SO By measuring the ratio of yields, we only have to deter-

mine with good precision the relative acceptances, detection
FIG. 5. Ratio of the yields4*p—=*p)/(m p—mp) atg,  eficiencies, and backgrounds far" and 7. This greatly

~50° measured in our experiment along with three different  facilitates the way we determine the yield from the raw

partial wave solutions, SM9RL2], KA83 [15], and CMB[16]. The ~ data. We carefully monitored the consistency of the and

two additional SM95 solutions indicate the variation in the shape ofr~ data sets as well as the internal agreement of the differ-

the distribution when the opening angle is varied. ent runs collected for each data point.
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In the experiment we recorded all signals that gave a coeluster energie€g and E, for #» production and different
incidence in the Nal counters, which included neutral ancbackground reactions which generate a neutral trigger. All
charged events. A neutral event was defined to be one iprocesses which were simulated for this experiment, includ-
which none of the veto counters fired. The charged triggersng singly- and doubly-charged triggers, are listed in Table I.
allowed us to determine the fraction of neutral events vetoedhe 7-p processes were generated according to the phase
by charged particles or photon conversions. Charged eventgace distribution and the-d processes were generated ac-

were divided into two categories: single charged events, IRording to them-p phase space with the second nucleon

which a veto in only one arm fired; and double charged,ing a5 a spectator. The nucleons’ internal momentum dis-
events which required vetoes in both arms to fire. Singl

charged events were important for verifving that ; Sribution for the deuteron was included. The spectra of the
9 - vents were important for v ifying that no ProloNSyeteron reactions are very similar to threp distributions
from 77 d— npp events hit one of the front vetoes, which

would introduce a charge asymmetry in the determination c)jecause the small solid angle acceptance of our detector, not

the ratio. About 3% of the events were rejected because ?e Kinematics, dete_rmlnes the dlStI‘IbUtIOhS.ShOWI’l.
least one of the vetoes on the upstream sides of the calorim- 1 € €vent selection consisted of the logiead of two
eters fired. This fraction of events was the same for both ~ CUtS: o )
and=~ and had no effect on the ratio. The ADC information A Minimum energy cutEg>E, andE >Ey. This cut
of all the veto counters was recorded to be used in the offlinEEJ€Cts any event for which the energy in either arm is less
analysis. than the minimum valué,,. The value ofE,, varied be-
Eta mesons were selected from the neutral events usiﬁ%’een 200 and 225 MeV depending on the opening angle of
information provided by the; spectrometer. Figure 6 shows the spectrometer.
scatter plots of the photon energy deposited in the left spec- A hyperbolic cutERE, >EZ. This cut is particularly use-
trometer armE,_, versus the energy in the right arfg, for ~ ful to suppress the 2° background discussed below. The
four typical cases. The cutoff of the data below photon envalue of E; was calculated using the reIaticE€:O.25(Ep
ergies of 180 MeV is due to a software threshold applied for—fzrp)z, where E, is the peak value of the measured
data reduction. The complete set of scatter plots can be fourghergy distribution at each opening angle for each pion mo-
in Ref. [9]. These plots are useful in establishing our subsementum,o, is the width of they-energy distribution, and
quent photon energy cuts to remove background, the maiis a numerical factor ranging from 1.9 to 2.3 being deter-
source being 2° production from which two energetic pho- mined from MC studies to minimize the7® background
tons are detected in the spectrometer. without losing » mesons.
Sample spectra for different ™ p reactions atp,.=750 The region selected by these cuts is indicated in Fig. 6 by
MeV/c generated by simulation of the spectrometer set for the solid lines. The totak energy,E,, is the sum of the
a 110° opening angle are shown in Fig. 7. Shown are the twphoton energies deposited in the two spectrometer arms,
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E,=E_+Eg. Table Il lists the central valug&, and the results for four representative cases are shown in Fig. 8. The
measured widthrg of the E,, distribution in our experiment complete set can be found in R¢B]. The data with the

for all beam momenta and spectrometer opening angles @nergy cuts show a Gaussian peak centered neay thass.
both phase | and II. Also listed are the differens&p. in  Without the energy cuts, the data show a small secondary
the peakE, value for them ™ and correspondingr™ data, peak around 450 MeV due tor? events. Table Il lists the
the differenceA o in the widths, and the differenc®EZ.  number ofy events defined as neutral events with the photon
in the cut energy. This table shows the complete equality oknergy cuts as illustrated in Fig. 8 for all data sets obtained in
the 7" and m~ data at each beam momentum. It demon-our experiment. Eachy peak was fitted by a Gaussian to
strates that our analysis is fully “charge symmetric.” obtain a central value and width. The deviation of this central

We have calculated the invariant mass of the neutraliye from the knowny massm,, is listed in Table Il as
events both with and without the photon-energy cuts. They . 5150 given is the width of the invariant mass distribution

] ) ] om- The last two columns in Table Il allow the comparison
TABLE I. List of simulated reactions & .= 750 MeV/c along f the #* and = data by listing the difference im
with the triggers they could generate. Detection of three neutraEAm+) ando,, (Ac+) for =+ and =~ data
. . i : ; i * m * .
particles in the final stqt_e can safely be ignored since this has al The agreement between the” and =~ data is excellent
extremely small probability. - .
except at the lowest momentum where thesignal is very
small relative to the 2° background discussed below. Note
that the widtho,, of the # invariant mass distribution listed

Single Double

Channel Neutral charge charge h .

in Table 1l for the phase Il data is somewhat larger than
T p—T P T p under comparable conditions in phase I. This decreased reso-
T p—7m wn 7 n L lution is the result of the different triggering geometry in the
T p—a wop m0—yy vp, ym* T p photon arms of the; spectrometer used for the two phases.
7 p—atw 7on yy(7°) yn, ya*  wta” In phase Il, we gain acceptance at the expense of energy
7 p—7°n yy(7%), yn resolution.
T p—7n yy(7°) The background is largely from the reaction™d
m p—27°n ¥y, yn —2m°NN. This background is significant for the lowest
7 p—37°n vy, yn pion momenta because thegproduction cross section is rela-

- - - tively small compared to that from ther? production. It is

7 d—md 7 d also significant at the highest pion momentum where the
md—7'd 7'd phase space of ther? channel begins to encounter the re-
m d—m pn 7 n, pn T p gion of the  invariant mass due to the finite resolution of
7 d—m"pn 7'n,pn 7P our spectrometer. At the highest momentum of 750 MgV/
7 d—nn nn we collected data at four different opening angles to study
7 d—pp pp this background. In phase | we also took data with the spec-
7 d—nn yy(7°), yn, nn trometer arms extended to 87.5 cm from the target. These
ad— 7 pp yy(79), vp pp data have reduced background as a result of the smaller
7~ d—gnn yv(7), yn, nn range of opening angles accepted by the detector and the
m d— npp yy(7) ¥p, pp improved angular resolution. These data are listed in Tables
7 d—27%n ¥y, yn, nn Il and 1l with the opening angle marked as “1°%%”
atd—27%p vy p pp All other backgrounds can be easily separated frgm

production by the cuts shown in Fig. 6. Figure 8 shows the
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TABLE Il. Properties ofE , in phase | and phase [, andog are the position and width of the energy
peak.AE,., Aog-, and AE2, are the differences between the” and 7~ data of the peak positions,
widths, and the values for the hyperbolic cut, respectively.

atd 7 d
[ Ohen E, o E, o AE,. Aogs AEZ, (X10%)
(MeV/c) (Deg) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV?)
Phase |
656 150 584.8 31.7 582.9 33.7 *g.2 —-2.1+2.8 1.6-3.4
671 140 595.6 32.4 595.9 341 —-0.3+1.2 —-1.7%£0.9 0.8-1.2
680 140 598.9 335 598.5 33.3 6:4.3 0.1+x1.1 0.0:1.4
687 130 611.2 33.2 611.6 348 —-0.3x1.1 -1.6+09 0.8-1.1
702 130 612.8 35.4 613.8 36.6 —0.9+0.8 -—-1.2+0.8 0.4-0.9
715 120 640.7 33.5 638.6 34.2 21.1 —-0.6:1.0 1.0:14
726 120 640.0 38.3 639.8 38.0 62.1 0.3+1.0 —-0.1+1.3
740 110 661.8 34.9 668.3 36.2 —65+1.3 —-1.3f1.2 —-1.2+1.6
752 130 609.6 45.1 610.7 422 —1.2+4.2 2.9+3.6 —1.7x4.2
752 110 667.5 375 670.7 39.8 —-33+1.3 —-23f1.1 0.4-1.5
752 100 673.0 37.6 671.8 38.6 *2.8 —-1.0+14 1.0:2.0
752 1106¢ 664.2 36.9 667.2 351 —-3.0+2.7 1.9t2.4 —2.0+3.3
Phase Il
652 150 591.8 34.4 593.6 343 —1.8t£3.1 0.0+2.2 —0.5+2.7
669 140 606.2 34.6 605.3 37.1 6.4 —25+14 1.6-1.7
682 130 618.2 36.0 618.3 36.7 —0.1+1.2 —-0.7£1.0 0.4-1.3
699 130 624.5 38.7 625.3 36.7 —0.8+0.9 2.0:1.0 —1.4+1.2
725 120 647.0 39.6 647.8 41.0 -0.9+15 —-1.4+1.2 0.6-1.8
749 120 650.7 46.6 654.2 495 —-35+20 —-29*+1.7 0.6-2.1
749 110 669.4 41.7 671.7 432 —2.3t20 -—-16*+1.4 0.2:2.0

two-neutral-cluster invariant mass spectra with and withouthe amount of possible background under thepeak was
the 2y energy selection defined by the cuts shown in Fig. 6estimated assuming two possible endpoints for the back-
The minimum energy cuts represented by the vertical anground distribution:(1) the maximum background energy
horizontal lines effectively eliminated a significant back- occurs at the @& value above the meamn energy, and?2) the
ground which came from two-cluster events in which oneendpoint coincides with the mean value. The former is an
was very low energy and the other very high. The simulatiorextreme condition and the latter is a reasonable assumption
plots of Fig. 7 indicate these events predominantly comeaccording to the simulation of ther? reaction. A linear fit
from the detection of a neutron and one photon fromtfle  to the background distribution allowed an extrapolation of
and 27°n channels. These events extend underneathythe this background underneath the peak so that an estimate of
peak in the invariant mass spectrum; but they can be easilthe maximum possible background could be made for both
removed with cuts on the cluster energies. cases. The results indicated that the backgrounds were all

The hyperbolic cut was applied primarily to define the less than 10% for cas€l) and less than 5% for cas@)
events which determine the yield. Its value was set to a valuexcept at the very lowest momentum and at the very highest
two standard deviations below the central value of he when the opening angle was 130°. In these cases the back-
peak in the plot of the total energy of the two photons. ground was=~20% and 10%, respectively. More impor-

These cuts do not completely eliminate the®2back-  tantly, however, the fractional backgrounds fet and 7~
ground in then region. This remaining background was were the same within the statistical precision of the data with
studied by plotting the total energy from the two photonsdeviations~0.3%. This means that the percent change in the
rather than the invariant mass since the°2background is yield is the same for botr* and#~ and so no background
nearly linear in this variable near the region. A slice of subtraction was done since the effect of this subtraction
constant width along the line whekg =Eg intheE, vsEg  would cancel in the calculation of the ratio. Only the 750
plot with no cuts was used to study the background. ThiMeV/c data at 130° showed an asymmetry which exceeded
insured that the integrated background could be extrapolatettie statistical precision and required a correction of 8% to the
into the » region. value of the ratio.

The variation of the experimental resolution for the dif- The cancellation of background in the ratio was confirmed
ferent experimental conditions made it difficult to perform ain the 750 MeVE data where we had ratios for 3 different
consistent background subtraction from thgields. Instead, opening angles corresponding to significantly different back-
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ground contributions. The results of the ratios for these threeonclude that our measured value Ry, is equal to the

sets of data were statistically consistent with one another. Wealue forR.

have allowed for an uncertainty in the ratio due to this un- Table IV presents the experimental results RorThe er-

subtracted background by adding a 1% uncertainty inor quoted forR includes the statistical error and the back-

quadrature with the final error of the calculated ratios for a”ground correction uncertainty_ It does not include the abso-

momenta except 655 and 670 MeMhere we have added |yte uncertainty in the beam momentum nor the relative

2% and the 750 (130°) data where we have added 4%.  yncertainty in the beam normalization. The ratios show good
agreement between phase | and Il data sets. Also listed in
this table are the incident beam momepta the uncertainty

IX. RESULTS in the beam momentum, the meankinetic energyT, ac-

The chief objective of this experiment is to test chargecePted by our setup, antiT,,, the full width at half maxi-
symmetry invariance by means of measuring the r&io mMum ofT,. The last two columns are the result of correct-
=do (7 d—ppn)/do(w~d—nny). When CS is validR,  ing the ratio for threshold effects discussed below.
must be unity wher&, is the value oR after the corrections Figure 9 compares our results with the predictions of the
for the n—p mass difference and the Coulomb interactionstheoretical model of Sec. Il. The figure is divided into five
have been made. vertical slices, each one corresponding to a different opening

The ratioR is identical toR.yp, the ratio of they yields,  angle of thezn spectrometer. The theoretical curves have
Rexp=(7 yield in 7 *d)/( 5 yield in 7~ d) when the follow-  been evaluated for the different experimental opening angles
ing conditions are valid(a) the 7w+ and =~ beams have the resulting in the apparent discontinuities of the distributions.
same phase spad) the 7 yields are extracted in the same The theoretical curves represent different values ofithe
manner forr* and 7, (c) the veto counters do not affect mixing angled ., of 0°, 1°, 2°, 3°, and 4°. The best agree-
the ratio of 5 yields, and(d) the neutron interactions in the ment between our results and the model is fgr,=(1.5
Nal calorimeter do not lead to falsg events or cause a loss *=0.4)° obtained by minimizing the? value. Systematic
of good# events in ther™ data. We have made various tests errors in the model have not been included in this value. We
to show thaR,,, is not affected outside the quoted errors byhave included in this error estimate a contribution of 0.3°
the # selection criteria, the 2° background under they  from the uncertainty in the absolute value of the beam mo-
peak, ther* and 7~ beam parameters, and the neutron in-mentum. Figure 10 shows the production as a function of
teractions in the Nal. Details of this analysis are given inits c.m. scattering angle cag() normalized to theoretical
Ref. [9]. We have analyzed the single and double chargedlifferential cross section distributions for two beam mo-
event samples and found they do not affBgf, either. We  menta of 670 MeW¢ and 746 MeVEt with spectrometer
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TABLE llI. Properties of thez invariant mass peak in phase | and phaseifz; is the spectrometer
opening angle corresponding to the nominal opening angle between the two photong-from. N, is the
number ofy’s obtained;Am is the deviation of the experimental centroid value of the peak from the known
value of they invariant masso,, is the Gaussian width of the peak aadh. andAo .. are the differences
in the values ofAm and o, between ther*d and 7~ d channels.

7'd 7 d
P Oopen N, Am om N, Am Om Am. Ao,
(MeVic) (Deg) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
Phase |
656 150 436 14.1 23.7 547 7.9 25.8 627 —21*+15
671 140 2418 5.7 25.7 3085 7.2 251 —1.5+0.7 0.7+0.6
680 140 2254 9.0 25.4 3548 8.2 24.6 887 0.8:0.5
687 130 2934 3.3 25.8 3828 3.3 25.8 0.0.6 0.1+0.5
702 130 6728 1.6 25.8 5107 2.2 26.0 —0.60.5 -0.2£04
715 120 3562 1.2 26.5 3378 -1.2 25.9 26.6 0.7+0.5
726 120 6274 -3.3 27.8 6753 -4.6 27.2 135 0.6-0.4
740 110 2751 -6.0 30.2 2644 -4.7 28.6 —1.3+0.8 1.6-0.6
752 130 1279 0.3 29.0 1457 0.2 28.8 812 0.3:0.9
752 110 3492 -8.1 29.8 4068 -8.3 29.9 607 -0.1+05
752 100 2224  -13.2 31.3 1672  -15.2 30.1 2100 1.2:0.9
752 1106% 789  -125 30.4 802  -13.0 28.5 3.5 1.9+1.3
Phase I

652 150 778 7.6 311 858 12.6 29.6 —4.9+1.6 1.4:1.4
669 140 2167 6.6 30.1 2228 8.8 304 —2.3+1.0 -0.2£0.8
682 130 3390 6.4 29.2 4048 6.2 30.1 8@7 —1.0-0.6
699 130 4777 7.2 30.4 3816 6.4 29.7 087 0.7+0.5
725 120 3953 -0.8 30.9 3880 1.3 32.1 —2.1+0.7 —1.2+0.6
749 120 3815 -5.9 33.9 3643 -2.5 33.2 —3.4+0.9 0.7+0.7
749 110 3620 -5.9 32.8 4000 -3.8 315 —-2.0+0.8 1.4-0.6

opening angles of 140° and 130°, respectively. The dashegroperly describes the reaction when it is not close to thresh-
lines represent predictions without beam momentum dispemlid.
sion; the thick lines include a momentum dispersion of 1%. The value ofR listed in Table IV and used in Fig. 9 is not
It is apparent from these figures that our model describes theonstant with momentum, varying from a valeel.1 close
dependence oR on the beam momentum angl spectrom-  to threshold to~0.9 at the highest beam momentum and
eter opening angle very well. _ _ largest opening angle. We surmise that the variatiorRof

~ We have not compared the absolujeyield with theory  yjth beam momentum is largely due to the consequence of
since neither experiment nor theory were designed to detefhen-p mass difference in the final state gfproduction by
mine absolute cross sections. The systematic uncertainty in+ 5o compared ter—. We have investigated this by con-
':jhe dtet(:rr]mmatlontof the a*ésﬁ#‘te ?frosts Sec“?” IS p”rllct'plaHX/erting Rexp into R, where the latter is the; production

ue to the acceptance an IS €efiect cancels compietely i, evaluated at identical pion energies above $hpro-
the ratio of yields. We have ascertained that uncertainties R cti . .

uction threshold. Since we have made our yield measure-

the model which could cause a 50% change in #ieand . :
7 total cross sections only change the ratio 40.5% ments at the same absolute beam momentum this ratio must
" be calculated by interpolation of the yields measured at the

Similarly, the uncertainty in the hadronic part of our model - b h dated
has an ignorably small effect on the ratio. In our model mosgifférent beam momenta. We have corrected#hedata for

of the hadronic interactions that affect the charge symmetrj€n-P mass difference and the initial state Coulomb energy
ratio are handled using an effectifematrix. Thus, several difference of 0.8 MeV. Thls_ correction is done in the center
components of the hadronic interactions, such as the findlf Mass so that the beam pion enekgy' is the same forr *
state interaction between the spectator nucleon angthee ~ @ndm . The results foR;,, are listed in Table IV and are
partially accounted for in our model. shown in Fig. 11. The ratio at the lowest energy is most
One possible improvement of our model would be theuncertain becaus_e _of the proximity to threshold. The results
inclusion of the Coulomb interaction in the initial state be-aré consistent within errors with a constant asymmetry as a
tween the pion and deuteron, which has opposite signs fdunction of energy above threshold and yield a mean value
7" and 7. Another would be to improve the Jost function R;5=0.938£0.008. The dashed lines mark the one standard
used to account for the nucleon-nucleon interaction so that @eviation limits for this result. We estimate the systematic
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TABLE IV. Ratio (R) of 7 yields froms*d and ™ d reactions for phase | and phase Il. The uncertainty
for the ratioR consists of the statistical and background correction uncertainties; it does not include the
uncertainty in the absolute value of the beam momeniiis the mean accepteglkinetic energy andT,,
is the full width half maximum of the accepted distributid®y,, is R corrected for the different threshold
energies which result from differences in the nucleon masses and electromagnetic effects for the two reac-
tions. SES™ is the pion’s relative c.m. energy above thp» threshold at which the ratio was calculated.

P, Oopen T, AT, SES™
(MeV/c) (Deg) (MeV) (MeV) R(m*/77) (MeV) Rea(7 /77)
Phase |
656+ 5 150 30 37 1.0290.078 36.0 0.8080.081
671+5 140 48 51 1.1160.041 47.2 1.0130.062
680+5 140 46 45 1.0650.035 53.9 0.9040.110
687+5 130 65 54 1.028 0.032 59.1 0.9780.033
702+5 130 70 65 0.956 0.022 70.2 0.914 0.030
715+2 120 96 63 0.9350.026 79.7 0.9410.022
726+ 2 120 102 76 0.92%0.020 87.8 0.9310.026
7402 110 129 63 0.9860.032 98.0 0.9770.032
752+ 2 130 73 67 0.8910.052 106.8 0.9370.056
752+ 2 110 135 75 0.9160.026 106.8 0.9280.030
752+ 2 100 145 59 0.9420.037 106.8 0.95%0.037
752+ 2 1108 0.892+0.051 106.8 0.9020.062
Phase I
652+5 150 29 37 1.1090.058 33.0 0.891 0.066
669+5 140 47 51 1.0720.043 48.4 0.9160.061
682+5 130 64 54 1.034 0.029 58.0 0.9510.034
699+5 130 68 65 0.9780.026 67.7 0.9450.026
725+ 2 120 101 76 0.9180.025 84.6 0.9220.025
749+ 2 120 116 94 0.9480.028 102.9 0.9250.031
749+ 2 110 134 75 0.9420.028 102.9 0.9460.033

1.25 T T T T T T T T
8 (---) Mixing angle = 0°
é 120 [ (--)Mixing angle=1°
: (—) Mixing angle = 2°
(—--) Mixing angle = 3°
1.15 (---) Mixing angle =4° ]
1.10
1.05
1.00
0.95
0.90
0.85
L 150° 140° 130° 120° 110° |
0.80 . : L L . " L . . . .
640 660 680 700 720 740

FIG. 9. The final results foR=do(7w*d—ppy)/do(7 d

P lab (MCV/ C)

error inR, to be 0.5% due to the uncertainty in the relative
beam momentum, explained in Sec. VI which vyields the

overall resultﬁca,= 0.938+0.009.

X. DISCUSSION AND CONCLUSIONS

Our study of the reactions~d—nn» and 7 d—pp»n
in the incident energy interval just above thleproduction
threshold shows a (6220.9)% deviation from charge sym-
metry in the ratio of the yields of the two processes. There
are many factors that influence the cross sections of these
two processes and their ratio: the neutron-proton mass dif-
ference, EM interactions, initial and final state interactions,
off-energy-shell effects, differeMiN#» coupling constants,
-7 mixing, etc. We have developed a fully relativistic
model based on the dominant impulse approximation term
which includesz- » mixing and a'S, NN final state inter-
action in the form of the Jost function. This model does not
include off-energy-shell effects, an initial state interaction,
nor NN# coupling constant effects. A recent study by Gar-
cilazo and Pea[19] investigated the final state interaction
and off-energy-shell effects and found them not to be signifi-

—nny) calculated from both data sets, phase | (+) and phase IIcant. Our model incorporates the details of the experimental

(), compared with the model of Batin[@] for different values of

setup so the yields, instead of cross sections, could be com-

the 7%- » mixing angle. Vertical lines separate data taken with thepared directly.
different spectrometer opening angles indicated.

Comparison of the data with the model shows that the
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004 0.0¢ 1 ‘ - +
0.03 0.03 = PR PN IS o oo
0.02 002 0.9 T T %++%’+ ____ % T
001 0.01 r ]
0.00 0.00 = 4

-1.0 -1.0 -0.5 0.0 05 cos 0"1 xi) 0.8 -_ __
0.16 0.16 (d) 9:p= 130 07 B B
0.14 0.14 r b
0.12 0.12 L i
010 010 0‘6 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1
’ " 0 20 40 60 80 100 120
0.08 0.08 SES™ (MeV)
0.06 0.06
004 004 FIG. 11. Comparison of the ratio R=do(7*d
002 002 —ppn)/do(7~d—nny) for phase | (+) and phase lk) after
000 . 000ka adjustment for then-p mass difference and initial state Coulomb

e 03 00 03 cosﬂ,,m e b 00 o cose,,"o interaction. The dashed lines indicate the @nband for the mean

asymmetry determined from the dagE:™ is the relative c.m. en-
FIG. 10. The angular distributions foy production normalized  ergy of the pion above thpp threshold.

to our theoretical differential cross sections for 670 MeWeam

t d t t i le of 140° for th - . . .
{2)?]2?731??]”azas)p;fdrfﬁzirpoﬁ:rzgg fg%ﬁdo(d) are girm";rrea%revents us from excluding either. The fact that our result is

distributions for an opening angle of 130° that compare data at 75§|gn|f|cantly Igrger thgr! the=1° calculations CO,UId be due
MeV/c with model calculations at 746 Mey/ to the octet-singlet mixing and/or nuclear medium effects.
Clearly, improvement of this technique by the use of a
model provides a very good description of the angular dislarge acceptance detector to provide a better d_ete_zrminatio_n of
tributions and the beam momentum dependence of the ratié€ angular dependence as well as higher statistics combined
The analysis of the ratio yields a value for the» mixing with a more reflned;_y prqductlon mode_l co_uld S|gn|f|can_tly
angle,,,=(1.5+0.4)° which does not include all possible reduce the uncertainty in the _determlnat_lon of the mixing
systematic errors from the model, namely, inadequacies iAndle: Another advantage of this method is the potential ex-
the EM differences in the initial and final states as discusse@loration of the mixing angle as a function qf of which
earlier. there is much theoretical disagreement. This is important for
Recent calculations of the mixing angle have been dongnderstanding CSB since the 7 mixing contribution must
by Chanet al. [20] using QCD sum rules, Maltman and be_ de_termlned by extrgpolatlon. Our study is the first d_eter—
Goldman[21] using a chiral quark model, and Piekarewicz mination of thesr-» mixing angle from a nuclear reaction
[22] who used an hadronic model. These models included RIOCESS.
possibleg? dependence in the mixing angle. They yield val-
ues ofé,,=(0.75-0.83)°. It is not clear whether the octet-
singlet mixing is properly included. Leutwylé®3] argues
that the effect of the octet-singlet mixing is to increase the We thank the AGS staff for their assistance with the
mixing angle by about 20% which would yield values noimplementation of this work and specifically the cryogenic
greater than 1°. Using a method of saturating anomalougarget group for their effort in providing the liquid deuterium
Ward identities with7®, 7, and ' mesons which naturally target. We specifically want to thank S. Philips, A. Shafi, H.
includes octet-singlet mixing, Bagch24] has calculated a Avazian, and L. Alfierri from George Washington University
value of#.,=(1.95+0.75)°; twice the size of values given and J. Caire and B. Draper from Abilene Christian Univer-
above. He also obtains a value for the octet-singlet mixing osity for their assistance with the experimental installation.
—20° consistent with other more recent calculations of thisThis experiment was supported in part by the U.S. DOE and
angle. The factor of two difference between Bagchi and theNSF, the Russian Ministry of Science and Technology,
others could be due to the way the octet-singlet mixing ishe Russian Foundation of Basic Research, and the Russian
handled[23]. Our result falls between these two different State Scientific-Technical Program: Fundamental Nuclear
values of the mixing angle and the size of our uncertaintyPhysics.
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