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Measurement of charge symmetry breaking by the comparison ofp¿d\pph with pÀd\nnh
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We report a measurement of charge symmetry breaking in theNNh system. We have measured the ratio of
the differential cross sections of the charge-symmetric reactionsp1d→pph and p2d→nnh in the energy
region of theh threshold. Our result isR[ds(p1d→pph)/ds(p2d→nnh)50.93860.009 after a phase-
space correction is made for the difference in the threshold energies of the two reactions. The deviation ofR
from unity is an indication of charge symmetry breaking, which is mostly due top0-h mixing. A theoretical
model for h production which includesp0-h mixing was used to fit the data and yields a mixing angle of
(1.560.4)°. 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 yield'1° and another which yields
'2°.
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I. INTRODUCTION

Charge symmetry~CS! is the invariance of the strong in
teraction under the interchange of the up and down qua
@1#. The charge symmetry operatorPcs changesd quarks into
u quarks and vice versa:

Pcsud&5uu&, Pcsuu&52ud&. ~1!

The Lagrangian of QCD can be separated into two partsL
5Lf i1Lm . The first termLf i is flavor independent becaus
it has only quark and gluon fields. The second termLm de-
pends on the quark fields and the current quark masses w
cause the violation of flavor symmetry in QCD:

Lm52mddd̄2muuū2 . . . . ~2!

Flavor independence is the assumption that the strong
teraction is equal for all quark flavors when quarks are ma
less. Charge symmetry is the manifestation of this with r
erence to theu andd quarks. Since quarks have an elect
charge and magnetic moment, QED breaks flavor indep
dence. The charge symmetry breaking~CSB! resulting from
the '3 MeV mass difference of theu and d quarks is re-
ferred to as intrinsic CSB.

One way intrinsic CSB can manifest itself is through m
son mixing. A well known example of this in nuclear sy
tems isr0-v mixing as seen, for instance, in the ratio of t
reactionsp1d→p1p2pp and p2d→p1p2nn in the re-
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gion of thev threshold@1–3#, see Fig. 1. The matrix elemen
for r0-v mixing of the isospin eigenstate in the Hamiltonia
representation is proportional to theu-d quark mass differ-
ence:

^r̃0uHmuṽ&5K 1

A2
~uū2dd̄!Umddd̄1muuūU 1

A2
~uū1dd̄!L

~3a!

5
1

2
~mu2md!, ~3b!

where the tilde over a bra or ket vector represents the iso
eigenstates. In an analogous fashion, the pseudoscalarp0-h
mixing is also found to be proportional to theu-d mass
difference alone, due to the negligibly smallss̄ contribution
to thep0 meson:

^p̃0uHmuh̃&5K 1

A2
~uū2dd̄!Umddd̄1muuū

1msss̄U 1

A3
~uū1dd̄2ss̄!L ~4a!

5
1

A6
~mu2md!. ~4b!

We assume here that theh is a pureqq̄ state with an ignor-
ably small gluon component. We have useduV535.3° for
©2001 The American Physical Society01-1
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the vector octet-singlet mixing in the isospin eigenstateṽ
anduP5219.5° for the pseudoscalar octet-singlet mixing
h̃. These values have good experimental and theoretical
tification @4#. The physicalp0 andh mesons are represente
as mixtures of the meson isospin eigenstates described
p0-h mixing angleuph :

up0&5cosuphup̃0&1sinuphuh̃&, ~5a!

uh&52sinuphup̃0&1cosuphuh̃&. ~5b!

This is the mixing angle which we wish to determine fro
the ratio of the differential cross sections forp6d→NNh.

This p0-h mixing has been clearly observed in select
decays, specifically in the ratio of the CSB to CS-conser
decay rates: R15G(h8→3p0)/G(h8→2p0h) and R2
5G(c8→cp0)/G(c8→ch). It also contributes to the dif-
ference in thenn andpp scattering lengths, the magnitude
the analyzing power in thenp interaction, and the Nolen
Schiffer anomaly@1#. Detailed model calculations indicat
that these phenomena are dominated byr0-v mixing, and
the uncertainties in the calculations make the drawing
conclusions onp0-h mixing difficult.

The difference between ther0 andv masses~'12 MeV!
is much smaller than the difference between thep0 and h
masses~'412 MeV!. Also, the p0 and theh widths ~7.8
60.6 eV and 1.2060.11 keV, respectively! are much nar-
rower than ther0 ~151.261.2 MeV!. It could be that the
large mass difference between thep0 and theh suppresses
mixing effects in low energy processes where theh is only a
virtual particle that is far off-mass-shell.

This experiment was designed to study on-shellp0-h
mixing by measuring the ratio

R5ds~p1d→pph!/ds~p2d→nnh! ~6!

FIG. 1. Example ofr0-v mixing obtained in a measurement o
p2d→p1p2nn ~+! andp1d→p1p2pp ~•! from Ref. @2#.
05200
s-

y a

d

f

in the region of theh threshold. Charge symmetry require
that this ratio be equal to unity at all incident pion energ
and for all final state kinematics after an adjustment has b
made for Coulomb interactions and then-p mass difference.
It is possible thatp0-h mixing could be strongly enhance
by theN* resonanceS11(1535), which decays largely via th
hN ~30–55 %! andp0N ~35–50 %! channels.

Flavor symmetry ofu, d, and s quarks is apparent in
SU~3! symmetry, which is observed in baryon and mes
spectroscopy, despite the sizeable mass difference betw
the s and u or d quarks. CSB provides us with a means
evaluating the mass difference of theu andd quarks. There is
much evidence for CSB but most of it is static~the difference
between particle masses! or for a particular momentum trans
fer, such as the difference in isospin related decay rates.
reactionsp6d→NNh offer the possibility to investigate the
dependence of CSB on total energy and momentum tran
This is of interest because QCD implies that CSB should
dependent on energy and the nuclear environment.

II. THEORETICAL MODEL FOR h PRODUCTION
WITH p0-h MIXING

In order to extract the magnitude ofp0-h mixing using
the reactionsp6d→NNh, a theoretical model for this pro
cess is needed that includes the following:

The effect of then-p mass difference and Coulomb en
ergy. Then-p mass difference causes an energy differen
of 2.6 MeV between the reaction thresholds. The Coulo
energy between the charged pions and the deuteron red
this effect by '0.8 MeV @5# for a total effective energy
difference Eth(p2d)2Eth(p1d)'1.8 MeV. This corre-
sponds to a relative beam momentum threshold differenc
'2.6 MeV/c, which affects the phase space for each react
differently.

The mass splitting of theS11(1535) doublet. Theu-d
mass difference of'3.4 MeV gives a mass splitting betwee
the S11

1 and theS11
0 of 3.8 MeV. The Coulomb correction to

the masses is estimated to beEc(udd)2Ec(uud)'22
MeV. This gives an overall mass difference of'1.8 MeV.

The difference in the widths of theS11(1535) doublet. We
are not aware of an estimate for this.

The difference in the meson-nucleon coupling consta
nnh and pph. It is argued in Ref.@6# that the CSB effects
are about21.1% fornnh and11.1% for pph.

Differences in the final state interactions between
nucleons.

A phenomenological model of thep6d→NNh process
has been developed by members of our collaboration@7#
based on the coupled channelpn-hn amplitudes from Ref.
@8#. A fully relativistic calculation of thepd→NNh process
is performed, based on the dominant diagram shown in
2.1 The invariant matrix element@9# describing this process
is

1It should be noted that some of the next-order diagrams are
fectively included in the model since experimental data were u
to determine thepN→hN T-matrices.
1-2
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Mld ,l1l2
5

1

2 H ūl1
~p1!@A1p” hB#

p” d2p” 21m

~pd2p2!22m2

3@e” ld
Ga1~p2•eld

!Gb#vl2
~p2!2~1↔2!J .

~7!

We use the Bjorken-Drell convention:pp , pd , ph , p1 , p2
are the four-momenta andld , l1 , l2 are the helicities, with
the subscripts given in Fig. 2.u and v are nucleon Dirac
spinors,eld

is the deuteron rotation parameter, andm is the

exchanged-nucleon mass. ThepN-hN vertex is described
by the invariant functionsA and B ~functions of thepN
center of mass energyW and angleu) which have been
expanded usingpN→hN partial waveT-matrices generated
from the coupled channel partial wave analysis of Ref.@8#.
Then-p-d vertex is described by the invariant functionsGa
andGb which are fitted to modern electron scattering data
the deuteron@10#.

The differential cross section is expressed as

d5s

dphdVhdV1
5uM f i

totu2
F

C
Jf si , ~8a!

with F5
ph

2p1
2m2

64p5Wh~p1W22W1p̂1•p2!
, ~8b!

and C5A~pp•pd!22mp
2 md

2. ~8c!

F is the phase space for the reaction,C is the flux, andJf si
is the final state interaction~FSI! for which we have used a
standard Jost1S0 function which depends on the relativ
nucleon-nucleon momentum. TheWi represent the c.m. en
ergies for the appropriate particles. Coulomb effects are
cluded for thepp final state. We used218.5 fm and217.6
fm for the nn and pp 1S0 scattering lengths, respectivel
and 2.86 fm for both effective ranges@1,11#. The FSI be-
tween theh and the nucleon was neglected. No initial sta
interactions were included.

Thep0-h mixing was incorporated in the functionsA and
B via the pN→hN T-matrices. This is done by expressin
the matrix elements for the transition operator of the phys
particles for the two free production reactions using Eq.~5b!:

FIG. 2. The dominant diagram for thepd→NNh process.
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T~p2p→hn![^p2puT uhn&5cosuphTh̃2sinuphTp̃0,
~9!

T~p1n→hp![^p1nuT uhp&52cosuphTh̃2sinuphTp̃0,

~10!

whereTp̃0 andTh̃ are defined as

Tp̃05^p2puT up̃0n&5^p1nuT up̃0p&, ~11!

Th̃5^p2puT uh̃n&52^p1nuT uh̃p&. ~12!

T(p1n→hp) then can be obtained from theT-matrices for
p2p→hn andp2p→p0n:

T~p1n→hp!52T~p2p→hn!

22 sinuphT~p2p→p0n!. ~13!

If we assume that all CSB inpd→hNN processes is asso
ciated withh production, we can write the ratio of the cros
sections as

R'114 tanuphReS Tp̃0

Th̃
D . ~14!

Thus, the deviation ofR from unity is very sensitive to a
non-zero value for the mixing angle.

The result of the coupled channel partial wave analy
@8# yields p2p→hn partial waveT-matrices that can be
used for thep2d→hnn calculations. We can include th
p0-h mixing to first order in the mixing angleuph to obtain
the p1n→hp T-matrices to be used for thep1d→hpp
calculations:

T~p1n→hp!5
Kp1n

Kp2p
F2TPWA~p2p→hn!

Khp

Khn

22 sinup0hTPWA~p2p→p0n!
Khp

Kp0n
G .
~15!

The kinematical factorsKi j ensure good threshold behavio
For TPWA(p2p→p0n) we have used theSAID SM95 solution
@12#, and our own coupled channel partial wave analysis@8#
for TPWA(p2p→hn).

In the above relations, we have ignored some kinem
factors such as CSB differences in theS11

1 2S11
0 doublet.

These effects are of the ordermS
11
1 2mS

11
0 '20.7 MeV per

degreeuph . For example, in theS11 partial wave we have
mS

11
1 2mS

11
0 520.2 MeV for uph50, while mS

11
1 2mS

11
0

521.6 MeV for uph52°.
In terms of the invariant matrix element, the differenti

cross section for the complete experiment can be written
1-3
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FIG. 3. Floor layout showing
the C8 beamline after the separ
tors and the experimental setup.
r to
he

ine

w n-
t the
m

It
i ity
s for
d .
N ity
s se-
d5s

dphdVhdV1

5
uMldl1l2

u2

A~pp•pd!22mp
2 md

2

3
ph

2p1
2m2

64p5Wh~p1W22W1p̂1•p2!
Jf si .

~16!

In order to compare the data to the model, it was easie
calculate experimental yields directly by calculating t
‘‘differential acceptance,’’A(ph ,uh), which gives the prob-
ability of this experiment detectingh ’s emitted with lab mo-
mentumph at the lab angleuh , uniformly distributed over
fh . The total cross section and acceptance were determ
by integration over theh angle and momentum variables:
052001
d

Yexp}EE dphE dVhA~ph ,Vh!E dV1

d5s

dphdVhdV1
,

~17!

hereE is the overall detector efficiency. From these qua
ities, the actual yields in our detector are predicted by
odel.

III. EXPERIMENTAL LAYOUT

The floor layout of the experiment is shown in Fig. 3.
ncludes the beamline downstream of the particle veloc
eparator, the liquid deuterium target, the spectrometer
etecting the photons from theh decay, and the beam stop
ot shown is the beamline upstream of the particle veloc
eparator consisting of the bending magnet, D1, which
-4
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MEASUREMENT OF CHARGE SYMMETRY BREAKING BY . . . PHYSICAL REVIEW D63 052001
lects the polarity and momentum of the channel, two pairs
focusing quadrupoles, Q1–Q4, and twoEW 3BW field separa-
tors. Further details of the detector as well as data taking
data analysis are given in the dissertation by Marusˇić @9#.

A. C8 beamline

The experiment was conducted in the C8 beamline of
AGS at Brookhaven National Laboratory. This beamli
normally delivers a separated, momentum-recombined b
of pions, kaons, or antiprotons up to a maximum moment
of '750 MeV/c. The ‘‘mass slit’’ in Fig. 3 consists of a pai
of tungsten jaws that are vertically adjustable and locate
the vertical focus of the beamline located in the aperture
Q5 downstream of the twoEW 3BW field separators. The las
three quadrupoles, Q6–Q8, and the wedge dipole magne
provide the final control of the pion beams on target. Th
are also used as a momentum spectrometer to determin
individual momentum of the pions. The beam drift chamb
provide the track information necessary to make the mom
tum measurement. They also give the individual pionx, y
coordinates at the target which were used in the offl
analysis to reduce background from the beam halo. A t
element, horizontal hodoscope was mounted immedia
upstream of the first drift chamber to resolve multiple
ambiguities arising from the high instantaneous rate in
region.

The beamline was originally designed to produce ka
beams with a large angular divergence and momentum
persion for maximum flux. These features produce a beam
a very large cross-sectional area which is unacceptable
our purposes. Since the pion flux was much larger th
needed, we obtained a smaller, less divergent beam with
momentum dispersion by reducing the momentum acc
tance. This was accomplished by reversing the polarity of
first two quadrupoles of the beamline which determine
beamline acceptance. The beam size was reduced furth
inserting a horizontal brass collimator just downstream of
mass slit. The brass collimator pieces were each 45.7
long and 1.27 cm wide. They formed a horizontal gap of
cm.

A 30 cm thick steel wall, which contained a lead collim
tor with a 11 cm wide by 10 cm high aperture, was loca
immediately downstream of Q8 and provided primary shie
ing of the experiment from beam-related background. T
aperture was enlarged during phase II to 19318 cm2 to ac-
commodate a larger beam. A second steel wall, 15 cm th
shielded the spectrometer from beam scattering by the
collimator and secondary particles. This wall was loca
122 cm downstream of the primary wall and had a 30
square opening for the beam so as not to provide additio
scattering. After passing through the target, the beam
absorbed in a concrete beam stop; another shield wa
concrete was located immediately upstream of a gas Cˇ eren-
kov counter to shield the experiment from back-scatte
particles from the stopped beam. The cylindrical gas Cˇ eren-
kov counter was 25 cm in diameter and 128 cm long; it w
used to measure the electron contamination of the beam
15.2315.231.9 cm3 scintillator was located behind th
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counter to define the beam for monitoring the electron c
tamination.

A 3 mm thick lead foil was mounted in the upstrea
entrance to the ‘‘mass-slit’’ collimator to reduce the numb
of electrons in the beam. At 720 MeV/c, this foil reduced the
electron contamination from 50% to about 3%.

The beam trigger was formed by a coincidence betw
scintillator S1~6.037.030.64 cm3), just upstream of the en
trance to Q6, and ST~5.035.030.64 cm3), located 623 cm
and 181 cm upstream of the target, respectively. Four s
tillation veto paddles located 62 cm upstream of the tar
defined a 2.632.8 cm2 rectangular aperture for the beam; a
beam particles outside this aperture were rejected.

The relative pion flux was monitored by two scintillatio
counters ~1431431.0 cm3) mounted 88 cm downstream
from ST, one above and the other below the beam, such
each made an angle of 50° to the beam axis. These cou
measuredp-p elastic scattering from the hydrogen in the S
counter at the ‘‘symmetric’’ scattering angle (up5up) for
our momentum range. This geometry allowed for the sim
taneous detection of the pion and the proton in both coun
either as pion-up and proton-down or vice versa. The ratio
pion-up to pion-down events provided a good beam ali
ment monitor. This reduced systematic errors due to diff
ences in thep1 andp2 beam positions. Particle identifica
tion was obtained using pulse height and time-of-flig
~TOF! information.

We minimized the relative difference in momentum b
tween thep1 and p2 beams by carefully monitoring the
ratio of the currents in the two bending magnets, D1~not
shown in Fig. 3! and D2. Since D2 was used as the mome
tum spectrometer, its current was kept constant and ad
ments were made to the D1 current to maintain cons
beam conditions; this insured that we had the same b
momentum at the target. The magnet currents for the be
line were established so as to remove hysteresis effects w
reversing polarities. We found a systematic difference
tween thep1 andp2 settings for D1 which would appear t
correspond to a difference in momentum of about 10 MeVc.
The difference, however, is attributed to the horizontal ste
ing of the beam by the quadrupole Q4~not shown in Fig. 3!.
Q4 is located between D1 and D2 and vertically focuses
beam at the mass slit. This steering was minimized by
heavy collimation of the beam which selected only the c
tral portion of the beam. TOF measurements, described
low, with K6 mesons confirmed that the different settings
D1 did not result in a difference in momentum for thep6

beams.
The absolute beam momentum was obtained by calib

ing D2 using two different methods. One was TOF measu
ments using a kaon beam at various momenta over the ra
of the experiment. The other used TOF measurements
neutrons from thep2p→hn reaction to determine the beam
momentum relative to the known beam momentum for theh
threshold at 684.7 MeV/c. This required replacing the deu
terium target with liquid hydrogen. The bank of neutro
counters shown in Fig. 3 was used for this purpose.
1-5
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B. The h spectrometer

The h meson was identified via the decay modeh→2g.
The two photons were detected by theh spectrometer made
of two NaI calorimeters which were mounted on movab
arms attached to a common pivot underneath the target.
length of the arms was also adjustable. Each calorimeter
a 434 array of crystals, each 10.2310.2340.6 cm3 in size.
Each crystal was housed in a 0.5 mm thick stainless s
canister with a 0.8 cm thick glass window for the coupling
an 8.9 cm diameter phototube. These calorimeters were
central part of the Los Alamosh spectrometer, which wa
built originally by Penget al. in 1986@13#. The spectromete
was used to measure the energy and position of the inci
photons. Each arm was mounted on separate air pads so
could be moved independently.

In Fig. 3 one can see a blowup of one spectrometer a
The elements of each arm, in order of traversal by the pho
from the target, are the following:~a! three vertical, non-
overlapping scintillation counters of dimension 13.3343.2
30.6 cm3 to provide an initial charged particle veto,~b! a 2.5
cm thick, borated polyethylene absorber mounted imme
ately behind the vertical vetoes to stop low energy prot
and neutrons,~c! a second layer of horizontal, overlappin
scintillation counters of dimension 15.2348.330.6 cm3

placed immediately in front of the NaI blocks for a charg
particle veto,~d! the NaI crystals mounted in an open-fac
aluminum box behind these counters, and~e! a plane of
horizontally-mounted scintillation counters installed on t
upstream side of the calorimeters to veto charged parti
coming from beam scattering upstream of the target. Th
counters extended beyond the NaI blocks to cover their fr
faces and eliminate any dead spaces for the active veto
tem. The rates in these counters were very low as a resu
the second steel wall which shielded the spectrometer.

The neutral event trigger was generated by the coin
dence of a beam event and a spectrometer event. The b
event is the coincidence between the two beam counter
and ST in anti-coincidence with the four beam halo ve
counters. A spectrometer event is the coincidence of the
nals from the NaI counters in both spectrometer arms.
required that the energy deposited in each arm be gre
than 150 MeV. The spectrometer veto counters were not
of the trigger.

Data were taken with two different triggering configur
tions of the spectrometer, referred to as phases I and II,
Sec. IV. This was done to study systematic errors in
spectrometer system. In phase I the spectrometer energy
consisted of the inner four NaI counters of each arm.
phase II all of the crystals for each arm were summed
form the signal; but a lead collimator with a 30.5330.5 cm2

opening was placed in front of each NaI array, between
two sets of front vetos, with the polyethylene absorber ins
its aperture. This provided a well defined photon aperture
the triggering of the spectrometer which was larger than
inner four counters but smaller than the full area of the N
array. The larger aperture increased the acceptance of
arm of the spectrometer by more than a factor of two.
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All interactions in the spectrometer elements and tar
were simulated using theGEANT 3.21 software package from
CERN @14#. This simulation was used to understand the ca
bration and backgrounds. The combined energy and ang
resolution of the spectrometer as measured by thes-width of
theh invariant mass ranged from 3 to 6 % depending on
beam momentum and opening angle setting. The variatio
resolution was due to the coarse angular resolution of
spectrometer which is the combined result of the size of
crystals and the close proximity of the calorimeter count
to the target. The length of the spectrometer arms was cho
as a compromise between angular resolution and accepta

C. The liquid deuterium target

The target flask was a horizontal cylinder 2.6 cm lo
made of 0.13 mm thick mylar. It was 6.3 cm in diameter a
had rounded endcaps. The maximum target length along
beam axis was 6.1 cm. The target length was kept sma
minimize the degradation of resolution due to the uncertai
in the interaction vertex. The cylindrical wall was wrappe
with 30 layers of superinsulation, and 20 layers were used
the spherical endcaps through which the beam passed.
latter was done to reduce background from beam interact
in the target flask. The vacuum chamber surrounding
target volume had the shape of an elongated clam shell
was 58.4 cm long, 15.2 cm wide, and 12.7 cm high. A 0.
mm thick mylar window covered the aperture of the cham
which allowed laboratory angles for each spectrometer a
to be as large as'170°. The beam entered the vacuu
chamber through a 10.2 cm diameter, 0.64 mm thick my
window in the upstream face.

Any hydrogen in the liquid deuterium would make a d
rect, charge-asymmetric contribution. A chemical analysis
our liquid deuterium indicated 0.93% of HD and less th
0.015% of H2 contamination for our phase I samples. T
latter is the limit in sensitivity of the analysis and is cons
tent with zero. During phase II of the experiment, analytic
grade deuterium gas was used. This provided a check on
1% correction made to the ratioR for the hydrogen contami-
nation in phase I.

IV. EXPERIMENTAL METHOD

The incident beam momentum was varied from 6
MeV/c where theh yield is quite small up to 752 MeV/c.
The specific values of ourp1 and p2 beam momenta are
enumerated in Tables III and IV discussed in Sec. VIII a
Sec. IX.

The configuration of theh spectrometer was chosen
optimize theh yield. The distance of each NaI calorimeter
the deuterium target was set to 47.5 cm for most of
experiment. In phase I, one complete ratio measurement
made with the distance increased to 87.5 cm at 752 Mec
beam momentum to investigate 2p0 background under theh
invariant mass peak. The angle of each arm, measured
tive to the beam axis, was chosen to be the same. The a
was experimentally selected to maximize theh yield. The
value of this angle for both sets of data varied from 75°
1-6
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the lowest beam momentum to 55° at the highest; co
sponding to nominal opening angles of 150° – 110°, resp
tively. In general, this procedure favoredh production in the
forward direction and the spectrometer arm angle to
placed near the maximum of the Jacobian. During phas
we took 752 MeV/c data at four different opening angles
investigate the dependence of theh production asymmetry
on the opening angle.

In phase I, the spectrometer acceptance was restricte
the trigger to the central four NaI blocks; this configurati
gives a high resolution for theh invariant mass because th
energy leakage from the outer edges of the NaI array
small. In phase II we placed lead collimators, described
Sec. III B, in front of the NaI calorimeters and accepted s
nals from all of the crystals in the trigger. This gave a w
defined angular acceptance which extended to the cente
the outer layer of NaI crystals, increasing our acceptanc
the expense of a reduced invariant mass resolution.

Data with a liquid hydrogen target were taken at the e
of the experiment~phase II! to compare with our Monte
Carlo ~MC! calculation of thep2p reactions.

V. BEAM MOMENTUM DETERMINATION

The beam momentum calibration required the determ
tion of the absolute beam momentum measured by the b
spectrometer as well as the relative beam momentum
phase space between thep1 andp2 beams. Since our test o
charge symmetry breaking involved a ratio ofh production
for p1 andp2 beams, it was essential to maintain the sa
momentum for each beam polarity. Because the momen
dispersion was about 1%, we wanted to achieve a cons
momentum to within a few MeV/c.

The primary means of calibration used high precision
rect TOF measurements of kaons and protons in the be
K1 andK2 mesons were used to determine any differen
in thep1 andp2 beam momenta. The protons provided o
only calibration data for beam momenta below 700 MeVc.
The technique used two counters in the flight path of
beam, one located at the position of ST and the other~not
shown in Fig. 3! immediately in front of the Cˇ erenkov
counter. This provided a flight path of 637.960.5 cm. The
signals from these counters went to constant fraction
criminators which supplied stop signals to two independ
time to digital converters~TDC!’s for each counter. Thes
TDC’s were calibrated periodically throughout the data ta
ing period using an 80.000 MHz precision oscillator.

The TOF measurements were made in pairs with the
TOF counter first located in its normal position, in front
the Čerenkov counter, and then moved forward to a posit
just behind the forward TOF counter. The beam TOF w
determined by taking the difference of the statistical avera
of the two beam TOF distributions for every pair of measu
ments. This technique gave a time resolution better than
ps at the highest momentum. Monitoring the mean and sig
values of the electron peak in the TOF distributions provid
a real time check on systematic drifts. Absolute measu
ments were obtained with a precision of 2.5 MeV/c. Energy
loss corrections due to the material in the flight path inclu
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ing the target assembly and air were made to the TOF m
surements.

After the experiment, an independent calibration w
done by measuring the neutron TOF from the react
p2p→hn with the liquid deuterium replaced by liquid hy
drogen. This method was obviously restricted top2 beam
momenta above theh threshold. Two measurements we
made at 725 and 749 MeV/c. Four large plastic scintillation
counters placed 387 cm downstream of the target were u
to detect the neutrons with a time resolution of'500 ps. The
two neutron peaks associated withh production which result
from forward and backward scattered neutrons in the T
spectra were fit and the time difference calculated. The be
momentum relative to theh threshold is determined from
this time difference and the lab angle for the neutron.

There is excellent agreement for all momenta above
MeV/c. Our TOF calibration usingK1 andK2 beams veri-
fied that the momentum was indeed the same for both ch
states to an accuracy of'62 MeV/c, well within the 1%
momentum dispersion of the beam. The proton calibrat
data below 700 MeV/c is of poorer quality, so we have
extrapolated our calibration below 700 MeV/c by using the
known shape of the momentum dependence on D2 curren
determined by the Crystal Ball detector measuring the re
tion p2p→p0n, subsequent to this experiment. This rea
tion has been measured for beam momenta as low as
MeV/c and the shape is in good agreement with the pro
TOF measurements as well as with an earlier, independ
calibration done by another experiment. Based on the v
ance of the D2 current for thep1 and p2 beam data, we
estimate an uncertainty of 0.5 MeV/c in the relative mean
value for thep1 andp2 beam momenta. The contributio
of this uncertainty to the ratio is small compared to the s
tistical error and can be ignored.

VI. RELATIVE PION FLUX DETERMINATION

Our primary means of determining the pion flux was t
coincidence between the two beam scintillators S1 and
The accidental rate was a few percent. Since our meas
ment involved the ratio of two cross sections, only the re
tive beam rate forp1 andp2 needed to be determined. Th
relative flux ratio was independently monitored via ap-p
elastic scattering monitor using the ST counter as a pro
target. Thep-p elastic monitor consisted of an UP count
located 50° above the beam line as measured from ST a
DOWN counter located symmetrically below the beamlin
This angle was chosen because it corresponds to the ave
laboratory pion scattering angle that equals the proton la
ratory recoil angle at these beam momenta. Figure 4 show
2-D plot of the UP counter analogue to digital conver
~ADC! versus the DOWN counter ADC. An elastically sca
tered event will appear in one of the two loci in the pl
depending on which counter detects the proton with the o
counter detecting the pion. By selecting these loci, the ela
events were counted with backgrounds of only a few perc

To verify the consistency of the beam monitoring, w
have plotted in Fig. 5 the ratio of thep1p andp2p yields,
which is equal to the ratiods(p1p→p1p)/ds(p2p
1-7



s
-
e
in

e
w
in

e
e

fs.
of

e

e
tion

as
g
sen-

ter-
f

n of
er,

the
he
be-
nts
ng
us
ter.
ting
pro-
ray
the

en-
re-
of

n

ers

he

he
ly-

-
po-
the

r-
tion

fer-

am
e

o

W. B. TIPPENSet al. PHYSICAL REVIEW D 63 052001
→p2p) atu lab5(5062)°, as afunction of beam momentum
and compared our results with several partial wave analy
~PWA’s! @12,15,16#. The SM95 solutions given for two dif
ferent scattering angles demonstrate the change in shap
the expected distribution due to the symmetric scatter
angle changing from about 51° at 650 MeV/c to about 49° at
750 MeV/c. The phase I and II data show excellent agre
ment with one another as well as reasonable agreement
the PWA’s. For comparison, we have also included exist
data in this region from Sadleret al. @17# and Gordeevet al.
@18#. There is excellent agreement at 650 MeV/c and reason-
able agreement at 680 MeV/c. The difference between th
two sets could be due to uncertainties in the beam mom

FIG. 4. Scatter plot of the energy deposited in the two be
monitor counters that detectedp-p elastic scattering showing th
clean identification of pions and protons by pulse height.

FIG. 5. Ratio of the yields (p1p→p1p)/(p2p→p2p) at uL

'50° measured in our experiment along with three differentpN
partial wave solutions, SM95@12#, KA83 @15#, and CMB@16#. The
two additional SM95 solutions indicate the variation in the shape
the distribution when the opening angle is varied.
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tum which have not been included in the data from Re
@17,18#. The disagreement between our data and that
Gordeevet al. at 725 MeV/c is due to a disagreement in th
p2p elastic data. Our data are consistent with Ref.@18# in
the p1p channel.

The only source of error in the flux monitoring would b
due to a difference in the electron and muon contamina
in the pion beams. The fraction of electrons in the beam w
measured by the Cˇ erenkov counter to be 3–5 % dependin
upon the beam momentum and the percentage was es
tially charge symmetric. The muon contamination was de
mined by range measurement to be'2% and independent o
momentum and polarity in this experiment. Based on'5%
fluctuations in the phase IIp1 flux monitoring relative to
phase I, we assign a 10% uncertainty in the determinatio
the beam contamination of one polarity relative to the oth
resulting in a 0.5% systematic uncertainty to the ratio.

VII. CALORIMETER GAIN CALIBRATION

Cosmic ray data were taken continuously throughout
running period to provide a relative gain calibration of t
NaI calorimeters. Scintillation counters placed above and
low each calorimeter provided the trigger for these eve
both during and between beam spills. This trigger, alo
with random triggers for pedestal determination, allowed
to monitor rate-dependent gain shifts in each calorime
These shifts were small as expected from the low coun
rates. The energy deposited by the cosmic rays does not
vide an absolute calibration. We found that the cosmic
calibration must be increased by 14% in order to obtain
correct invariant mass for theh. MC simulation of the spec-
trometer indicated that about 10% of the photon shower
ergy is not included in the shower reconstruction. The
maining 4% is believed to be due to the combination
several effects:~1! the different way that light is produced i
the NaI crystals by photons and cosmic ray muons, and~2!
uncertainties in the geometric positioning of the calorimet
relative to the target.

VIII. ETA ANALYSIS

The objective of this experiment was to determine t
relative ratio of h production in p1d→pph and p2d
→nnh. Each reaction was identified by detecting only t
neutralh meson via its two-photon decay mode. The ana
sis consisted of determining the number ofh ’s per incident
pion for each run. We identified theh meson by reconstruct
ing the two-photon invariant mass from the energy and
sition of the photon cluster in each spectrometer arm via
relationM125A2E1E2(12cosu12), where the indices 1 and
2 refer to the photons andu12 is their opening angle.

By measuring the ratio of yields, we only have to dete
mine with good precision the relative acceptances, detec
efficiencies, and backgrounds forp1 and p2. This greatly
facilitates the way we determine theh yield from the raw
data. We carefully monitored the consistency of thep1 and
p2 data sets as well as the internal agreement of the dif
ent runs collected for each data point.
f

1-8



er

e

-

MEASUREMENT OF CHARGE SYMMETRY BREAKING BY . . . PHYSICAL REVIEW D63 052001
FIG. 6. Four typical examples of the scatt
plots of the measured photon energiesEL andER

of neutral events in the left and right arms of th
spectrometer. Plots are phase I data forp2 ~left!
and p1 ~right! beam polarities for beam mo
menta of 702 MeV/c ~top! and 752 MeV/c ~bot-
tom!. The solid lines indicate theEL,R cuts used
for the data analysis.
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In the experiment we recorded all signals that gave a
incidence in the NaI counters, which included neutral a
charged events. A neutral event was defined to be on
which none of the veto counters fired. The charged trigg
allowed us to determine the fraction of neutral events vet
by charged particles or photon conversions. Charged ev
were divided into two categories: single charged events
which a veto in only one arm fired; and double charg
events which required vetoes in both arms to fire. Sin
charged events were important for verifying that no proto
from p1d→hpp events hit one of the front vetoes, whic
would introduce a charge asymmetry in the determination
the ratio. About 3% of the events were rejected becaus
least one of the vetoes on the upstream sides of the calo
eters fired. This fraction of events was the same for bothp1

andp2 and had no effect on the ratio. The ADC informatio
of all the veto counters was recorded to be used in the offl
analysis.

Eta mesons were selected from the neutral events u
information provided by theh spectrometer. Figure 6 show
scatter plots of the photon energy deposited in the left sp
trometer arm,EL , versus the energy in the right arm,ER , for
four typical cases. The cutoff of the data below photon
ergies of 180 MeV is due to a software threshold applied
data reduction. The complete set of scatter plots can be fo
in Ref. @9#. These plots are useful in establishing our sub
quent photon energy cuts to remove background, the m
source being 2p0 production from which two energetic pho
tons are detected in theh spectrometer.

Sample spectra for differentp2p reactions atpp5750
MeV/c generated by simulation of theh spectrometer set fo
a 110° opening angle are shown in Fig. 7. Shown are the
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cluster energiesER and EL for h production and different
background reactions which generate a neutral trigger.
processes which were simulated for this experiment, incl
ing singly- and doubly-charged triggers, are listed in Table
The p-p processes were generated according to the ph
space distribution and thep-d processes were generated a
cording to thep-p phase space with the second nucle
acting as a spectator. The nucleons’ internal momentum
tribution for the deuteron was included. The spectra of
deuteron reactions are very similar to thep-p distributions
because the small solid angle acceptance of our detector
the kinematics, determines the distributions shown.

The event selection consisted of the logicalAND of two
cuts:

A minimum energy cut,ER.Em and EL.Em . This cut
rejects any event for which the energy in either arm is l
than the minimum valueEm . The value ofEm varied be-
tween 200 and 225 MeV depending on the opening angle
the spectrometer.

A hyperbolic cut,EREL.Ec
2 . This cut is particularly use-

ful to suppress the 2p0 background discussed below. Th
value of Ec was calculated using the relationEc

250.25(Ep

2 f sp)2, where Ep is the peak value of the measuredh
energy distribution at each opening angle for each pion m
mentum,sp is the width of theh-energy distribution, andf
is a numerical factor ranging from 1.9 to 2.3 being det
mined from MC studies to minimize the 2p0 background
without losingh mesons.

The region selected by these cuts is indicated in Fig. 6
the solid lines. The totalh energy,Eh , is the sum of the
photon energies deposited in the two spectrometer ar
1-9
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FIG. 7. Scatter plots of the
simulated photon energiesEL and
ER at a spectrometer openin
angle of 110° for Pp5750
MeV/c. The top left figure is for
the h→gg reaction. The remain-
ing plots show various back-
ground reactions. The detecte
particles for each reaction ar
specified in parentheses.
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Eh5EL1ER . Table II lists the central valueEp and the
measured widthsE of the Eh distribution in our experimen
for all beam momenta and spectrometer opening angle
both phase I and II. Also listed are the differenceDEp6 in
the peakEh value for thep1 and correspondingp2 data,
the differenceDsE6 in the widths, and the differenceDEc6

2

in the cut energy. This table shows the complete equality
the p1 and p2 data at each beam momentum. It demo
strates that our analysis is fully ‘‘charge symmetric.’’

We have calculated the invariant mass of the neu
events both with and without the photon-energy cuts. T

TABLE I. List of simulated reactions atPp5750 MeV/c along
with the triggers they could generate. Detection of three neu
particles in the final state can safely be ignored since this ha
extremely small probability.

Channel Neutral
Single
charge

Double
charge

p2p→p2p p2p
p2p→p1p2n p6n p1p2

p2p→p2p0p p0→gg gp, gp6 p2p
p2p→p1p2p0n gg(p0) gn, gp6 p1p2

p2p→p0n gg(p0), gn
p2p→hn gg(p0)
p2p→2p0n gg, gn
p2p→3p0n gg, gn

p2d→p2d p2d
p1d→p1d p1d
p2d→p2pn p2n, pn p2p
p1d→p1pn p1n, pn p1p
p2d→nn nn
p1d→pp pp
p2d→p0nn gg(p0), gn, nn
p1d→p0pp gg(p0), gp pp
p2d→hnn gg(h), gn, nn
p1d→hpp gg(h) gp, pp
p2d→2p0nn gg, gn, nn
p1d→2p0pp gg gp pp
05200
of

f
-

l
e

results for four representative cases are shown in Fig. 8.
complete set can be found in Ref.@9#. The data with the
energy cuts show a Gaussian peak centered near theh mass.
Without the energy cuts, the data show a small second
peak around 450 MeV due to 2p0 events. Table III lists the
number ofh events defined as neutral events with the pho
energy cuts as illustrated in Fig. 8 for all data sets obtaine
our experiment. Eachh peak was fitted by a Gaussian
obtain a central value and width. The deviation of this cen
value from the knownh massmh is listed in Table III as
Dm; also given is the width of the invariant mass distributi
sm . The last two columns in Table III allow the compariso
of the p1 and p2 data by listing the difference inDm
(Dm6) andsm (Ds6) for p1 andp2 data.

The agreement between thep1 andp2 data is excellent
except at the lowest momentum where theh signal is very
small relative to the 2p0 background discussed below. No
that the widthsm of the h invariant mass distribution listed
in Table III for the phase II data is somewhat larger th
under comparable conditions in phase I. This decreased r
lution is the result of the different triggering geometry in th
photon arms of theh spectrometer used for the two phase
In phase II, we gain acceptance at the expense of en
resolution.

The background is largely from the reactionp6d
→2p0NN. This background is significant for the lowe
pion momenta because theh production cross section is rela
tively small compared to that from the 2p0 production. It is
also significant at the highest pion momentum where
phase space of the 2p0 channel begins to encounter the r
gion of theh invariant mass due to the finite resolution
our spectrometer. At the highest momentum of 750 MeVc,
we collected data at four different opening angles to stu
this background. In phase I we also took data with the sp
trometer arms extended to 87.5 cm from the target. Th
data have reduced 2p0 background as a result of the small
range of opening angles accepted by the detector and
improved angular resolution. These data are listed in Tab
II and III with the opening angle marked as ‘‘110ext.’’

All other backgrounds can be easily separated fromh
production by the cuts shown in Fig. 6. Figure 8 shows

al
an
1-10
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TABLE II. Properties ofEh in phase I and phase II.Ep andsE are the position and width of theh energy
peak.DEp6 , DsE6 , and DEc6

2 are the differences between thep1 and p2 data of the peak positions
widths, and the values for the hyperbolic cut, respectively.

p1d p2d

pp

~MeV/c!
uopen

spec

~Deg.!
Ep

~MeV!
sE

~MeV!
Ep

~MeV!
sE

~MeV!
DEp6

~MeV!
DsE6

~MeV!
DEc6

2 (3103)
~MeV2!

Phase I
656 150 584.8 31.7 582.9 33.7 1.963.2 22.162.8 1.663.4
671 140 595.6 32.4 595.9 34.1 20.361.2 21.760.9 0.861.2
680 140 598.9 33.5 598.5 33.3 0.461.3 0.161.1 0.061.4
687 130 611.2 33.2 611.6 34.8 20.361.1 21.660.9 0.861.1
702 130 612.8 35.4 613.8 36.6 20.960.8 21.260.8 0.460.9
715 120 640.7 33.5 638.6 34.2 2.161.1 20.661.0 1.061.4
726 120 640.0 38.3 639.8 38.0 0.261.1 0.361.0 20.161.3
740 110 661.8 34.9 668.3 36.2 26.561.3 21.361.2 21.261.6
752 130 609.6 45.1 610.7 42.2 21.264.2 2.963.6 21.764.2
752 110 667.5 37.5 670.7 39.8 23.361.3 22.361.1 0.461.5
752 100 673.0 37.6 671.8 38.6 1.261.8 21.061.4 1.062.0
752 110ext 664.2 36.9 667.2 35.1 23.062.7 1.962.4 22.063.3

Phase II
652 150 591.8 34.4 593.6 34.3 21.863.1 0.062.2 20.562.7
669 140 606.2 34.6 605.3 37.1 0.961.4 22.561.4 1.661.7
682 130 618.2 36.0 618.3 36.7 20.161.2 20.761.0 0.461.3
699 130 624.5 38.7 625.3 36.7 20.860.9 2.061.0 21.461.2
725 120 647.0 39.6 647.8 41.0 20.961.5 21.461.2 0.661.8
749 120 650.7 46.6 654.2 49.5 23.562.0 22.961.7 0.662.1
749 110 669.4 41.7 671.7 43.2 22.362.0 21.661.4 0.262.0
ou
. 6
an
k-
ne
io
m

e
s

lu

s
ns

h
at

if-
a

ck-
y

an
tion

of
te of
oth

all

est
ack-
r-

ith
the

ion
0

ded
the

ed
t

ck-
two-neutral-cluster invariant mass spectra with and with
the 2g energy selection defined by the cuts shown in Fig
The minimum energy cuts represented by the vertical
horizontal lines effectively eliminated a significant bac
ground which came from two-cluster events in which o
was very low energy and the other very high. The simulat
plots of Fig. 7 indicate these events predominantly co
from the detection of a neutron and one photon from thep0n
and 2p0n channels. These events extend underneath thh
peak in the invariant mass spectrum; but they can be ea
removed with cuts on the cluster energies.

The hyperbolic cut was applied primarily to define theh
events which determine the yield. Its value was set to a va
two standard deviations below the central value of theh
peak in the plot of the total energy of the two photons.

These cuts do not completely eliminate the 2p0 back-
ground in theh region. This remaining background wa
studied by plotting the total energy from the two photo
rather than the invariant mass since the 2p0 background is
nearly linear in this variable near theh region. A slice of
constant width along the line whereEL5ER in theEL vs ER
plot with no cuts was used to study the background. T
insured that the integrated background could be extrapol
into theh region.

The variation of the experimental resolution for the d
ferent experimental conditions made it difficult to perform
consistent background subtraction from theh yields. Instead,
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the amount of possible background under theh peak was
estimated assuming two possible endpoints for the ba
ground distribution:~1! the maximum background energ
occurs at the 2s value above the meanh energy, and~2! the
endpoint coincides with the mean value. The former is
extreme condition and the latter is a reasonable assump
according to the simulation of the 2p0 reaction. A linear fit
to the background distribution allowed an extrapolation
this background underneath the peak so that an estima
the maximum possible background could be made for b
cases. The results indicated that the backgrounds were
less than 10% for case~1! and less than 5% for case~2!
except at the very lowest momentum and at the very high
when the opening angle was 130°. In these cases the b
ground was'20% and 10%, respectively. More impo
tantly, however, the fractional backgrounds forp1 andp2

were the same within the statistical precision of the data w
deviations'0.3%. This means that the percent change in
yield is the same for bothp1 andp2 and so no background
subtraction was done since the effect of this subtract
would cancel in the calculation of the ratio. Only the 75
MeV/c data at 130° showed an asymmetry which excee
the statistical precision and required a correction of 8% to
value of the ratio.

The cancellation of background in the ratio was confirm
in the 750 MeV/c data where we had ratios for 3 differen
opening angles corresponding to significantly different ba
1-11
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FIG. 8. Typical 2g invariant mass spectra fo
two representative beam momenta. The ba
ground is largely due to the reactionp6d
→2p0NN. Solid histogram corresponds to da
with EL-ER cuts applied. Dotted histogram i
without theEL-ER cuts. Solid curve is a Gaussia
fit to the data.
re
W
n
i

a
d

ge

n

e
t

e
s
ts
by

in
in

ge

k-
so-
ive
od

d in

t-

the
e
ing
ve
gles
ns.

e-

We
3°
o-

f
l
o-
ground contributions. The results of the ratios for these th
sets of data were statistically consistent with one another.
have allowed for an uncertainty in the ratio due to this u
subtracted background by adding a 1% uncertainty
quadrature with the final error of the calculated ratios for
momenta except 655 and 670 MeV/c where we have adde
2% and the 750 (130°) data where we have added 4%.

IX. RESULTS

The chief objective of this experiment is to test char
symmetry invariance by means of measuring the ratioR
[ds(p1d→pph)/ds(p2d→nnh). When CS is validRc
must be unity whereRc is the value ofR after the corrections
for the n–p mass difference and the Coulomb interactio
have been made.

The ratioR is identical toRexp, the ratio of theh yields,
Rexp[(h yield in p1d)/(h yield in p2d) when the follow-
ing conditions are valid:~a! the p1 andp2 beams have the
same phase space,~b! the h yields are extracted in the sam
manner forp1 andp2, ~c! the veto counters do not affec
the ratio ofh yields, and~d! the neutron interactions in th
NaI calorimeter do not lead to falseh events or cause a los
of goodh events in thep2 data. We have made various tes
to show thatRexp is not affected outside the quoted errors
the h selection criteria, the 2p0 background under theh
peak, thep1 andp2 beam parameters, and the neutron
teractions in the NaI. Details of this analysis are given
Ref. @9#. We have analyzed the single and double char
event samples and found they do not affectRexp either. We
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conclude that our measured value forRexp is equal to the
value forR.

Table IV presents the experimental results forR. The er-
ror quoted forR includes the statistical error and the bac
ground correction uncertainty. It does not include the ab
lute uncertainty in the beam momentum nor the relat
uncertainty in the beam normalization. The ratios show go
agreement between phase I and II data sets. Also liste
this table are the incident beam momentapp , the uncertainty
in the beam momentum, the meanh kinetic energyTh ac-
cepted by our setup, andDTh , the full width at half maxi-
mum of Th . The last two columns are the result of correc
ing the ratio for threshold effects discussed below.

Figure 9 compares our results with the predictions of
theoretical model of Sec. II. The figure is divided into fiv
vertical slices, each one corresponding to a different open
angle of theh spectrometer. The theoretical curves ha
been evaluated for the different experimental opening an
resulting in the apparent discontinuities of the distributio
The theoretical curves represent different values of thep-h
mixing angleuph of 0°, 1°, 2°, 3°, and 4°. The best agre
ment between our results and the model is foruph5(1.5
60.4)° obtained by minimizing thex2 value. Systematic
errors in the model have not been included in this value.
have included in this error estimate a contribution of 0.
from the uncertainty in the absolute value of the beam m
mentum. Figure 10 shows theh production as a function o
its c.m. scattering angle cos(uh) normalized to theoretica
differential cross section distributions for two beam m
menta of 670 MeV/c and 746 MeV/c with spectrometer
1-12
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TABLE III. Properties of theh invariant mass peak in phase I and phase II.uopen
spec is the spectrometer

opening angle corresponding to the nominal opening angle between the two photons fromh→gg. Nh is the
number ofh ’s obtained;Dm is the deviation of the experimental centroid value of the peak from the kn
value of theh invariant mass.sm is the Gaussian width of the peak andDm6 andDs6 are the differences
in the values ofDm andsm between thep1d andp2d channels.

p1d p2d

pp uopen
spec Nh Dm sm Nh Dm sm Dm6 Ds6

~MeV/c) ~Deg.! ~MeV! ~MeV! ~MeV! ~MeV! ~MeV! ~MeV!

Phase I
656 150 436 14.1 23.7 547 7.9 25.8 6.261.7 22.161.5
671 140 2418 5.7 25.7 3085 7.2 25.1 21.560.7 0.760.6
680 140 2254 9.0 25.4 3548 8.2 24.6 0.860.7 0.860.5
687 130 2934 3.3 25.8 3828 3.3 25.8 0.060.6 0.160.5
702 130 6728 1.6 25.8 5107 2.2 26.0 20.660.5 20.260.4
715 120 3562 1.2 26.5 3378 -1.2 25.9 2.560.6 0.760.5
726 120 6274 -3.3 27.8 6753 -4.6 27.2 1.360.5 0.660.4
740 110 2751 -6.0 30.2 2644 -4.7 28.6 21.360.8 1.660.6
752 130 1279 0.3 29.0 1457 0.2 28.8 0.161.2 0.360.9
752 110 3492 -8.1 29.8 4068 -8.3 29.9 0.160.7 20.160.5
752 100 2224 -13.2 31.3 1672 -15.2 30.1 2.061.0 1.260.9
752 110ext 789 -12.5 30.4 802 -13.0 28.5 0.561.5 1.961.3

Phase II
652 150 778 7.6 31.1 858 12.6 29.6 24.961.6 1.461.4
669 140 2167 6.6 30.1 2228 8.8 30.4 22.361.0 20.260.8
682 130 3390 6.4 29.2 4048 6.2 30.1 0.260.7 21.060.6
699 130 4777 7.2 30.4 3816 6.4 29.7 0.860.7 0.760.5
725 120 3953 -0.8 30.9 3880 1.3 32.1 22.160.7 21.260.6
749 120 3815 -5.9 33.9 3643 -2.5 33.2 23.460.9 0.760.7
749 110 3620 -5.9 32.8 4000 -3.8 31.5 22.060.8 1.460.6
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opening angles of 140° and 130°, respectively. The das
lines represent predictions without beam momentum dis
sion; the thick lines include a momentum dispersion of 1
It is apparent from these figures that our model describes
dependence ofR on the beam momentum andh spectrom-
eter opening angle very well.

We have not compared the absoluteh yield with theory
since neither experiment nor theory were designed to de
mine absolute cross sections. The systematic uncertain
the determination of the absolute cross section is princip
due to the acceptance and this effect cancels complete
the ratio of yields. We have ascertained that uncertaintie
the model which could cause a 50% change in thep1 and
p2 total cross sections only change the ratio by,0.5%.
Similarly, the uncertainty in the hadronic part of our mod
has an ignorably small effect on the ratio. In our model m
of the hadronic interactions that affect the charge symm
ratio are handled using an effectiveT-matrix. Thus, severa
components of the hadronic interactions, such as the fi
state interaction between the spectator nucleon and theh, are
partially accounted for in our model.

One possible improvement of our model would be t
inclusion of the Coulomb interaction in the initial state b
tween the pion and deuteron, which has opposite signs
p1 andp2. Another would be to improve the Jost functio
used to account for the nucleon-nucleon interaction so th
05200
ed
r-
.

he

r-
in

ly
in
in

l
t

ry

al

or

it

properly describes the reaction when it is not close to thre
old.

The value ofR listed in Table IV and used in Fig. 9 is no
constant with momentum, varying from a value'1.1 close
to threshold to'0.9 at the highest beam momentum a
largest opening angle. We surmise that the variation oR
with beam momentum is largely due to the consequence
then-p mass difference in the final state ofh production by
p1 as compared top2. We have investigated this by con
verting Rexp into Rcal where the latter is theh production
ratio evaluated at identical pion energies above theh pro-
duction threshold. Since we have made our yield meas
ments at the same absolute beam momentum this ratio m
be calculated by interpolation of the yields measured at
different beam momenta. We have corrected thep2 data for
then-p mass difference and the initial state Coulomb ene
difference of 0.8 MeV. This correction is done in the cen
of mass so that the beam pion energyEp

cm is the same forp1

andp2. The results forRcal are listed in Table IV and are
shown in Fig. 11. The ratio at the lowest energy is m
uncertain because of the proximity to threshold. The res
are consistent within errors with a constant asymmetry a
function of energy above threshold and yield a mean va
R̄cal50.93860.008. The dashed lines mark the one stand
deviation limits for this result. We estimate the systema
1-13
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TABLE IV. Ratio ~R! of h yields fromp1d andp2d reactions for phase I and phase II. The uncertai
for the ratio R consists of the statistical and background correction uncertainties; it does not includ
uncertainty in the absolute value of the beam momentum.Th is the mean acceptedh kinetic energy andDTh

is the full width half maximum of the accepted distribution.Rcal is R corrected for the different threshol
energies which result from differences in the nucleon masses and electromagnetic effects for the tw
tions.dEp

cm is the pion’s relative c.m. energy above thepph threshold at which the ratio was calculated.

pp uopen
spec Th DTh dEp

cm

~MeV/c) ~Deg.! ~MeV! ~MeV! R(p1/p2) ~MeV! Rcal(p
1/p2)

Phase I
65665 150 30 37 1.02960.078 36.0 0.80860.081
67165 140 48 51 1.11060.041 47.2 1.01360.062
68065 140 46 45 1.06560.035 53.9 0.90460.110
68765 130 65 54 1.02860.032 59.1 0.97960.033
70265 130 70 65 0.95060.022 70.2 0.91460.030
71562 120 96 63 0.93560.026 79.7 0.94160.022
72662 120 102 76 0.92760.020 87.8 0.93160.026
74062 110 129 63 0.98060.032 98.0 0.97760.032
75262 130 73 67 0.89160.052 106.8 0.93760.056
75262 110 135 75 0.91660.026 106.8 0.92860.030
75262 100 145 59 0.94260.037 106.8 0.95760.037
75262 110ext 0.89260.051 106.8 0.90260.062

Phase II
65265 150 29 37 1.10960.058 33.0 0.89160.066
66965 140 47 51 1.07760.043 48.4 0.91060.061
68265 130 64 54 1.03460.029 58.0 0.95160.034
69965 130 68 65 0.97860.026 67.7 0.94560.026
72562 120 101 76 0.91860.025 84.6 0.92260.025
74962 120 116 94 0.94860.028 102.9 0.92560.031
74962 110 134 75 0.94260.028 102.9 0.94660.033
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FIG. 9. The final results forR[ds(p1d→pph)/ds(p2d
→nnh) calculated from both data sets, phase I (•) and phase
(+), compared with the model of Batinic´ @7# for different values of
the p0-h mixing angle. Vertical lines separate data taken with
different spectrometer opening angles indicated.
05200
error inRcal to be 0.5% due to the uncertainty in the relati
beam momentum, explained in Sec. VI which yields t
overall resultR̄cal50.93860.009.

X. DISCUSSION AND CONCLUSIONS

Our study of the reactionsp2d→nnh and p1d→pph
in the incident energy interval just above theh production
threshold shows a (6.260.9)% deviation from charge sym
metry in the ratio of the yields of the two processes. Th
are many factors that influence the cross sections of th
two processes and their ratio: the neutron-proton mass
ference, EM interactions, initial and final state interactio
off-energy-shell effects, differentNNh coupling constants,
p-h mixing, etc. We have developed a fully relativist
model based on the dominant impulse approximation te
which includesp-h mixing and a1S0 NN final state inter-
action in the form of the Jost function. This model does n
include off-energy-shell effects, an initial state interactio
nor NNh coupling constant effects. A recent study by Ga
cilazo and Pen˜a @19# investigated the final state interactio
and off-energy-shell effects and found them not to be sign
cant. Our model incorporates the details of the experime
setup so the yields, instead of cross sections, could be c
pared directly.

Comparison of the data with the model shows that

I
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model provides a very good description of the angular d
tributions and the beam momentum dependence of the r
The analysis of the ratio yields a value for thep-h mixing
angleuph5(1.560.4)° which does not include all possib
systematic errors from the model, namely, inadequacie
the EM differences in the initial and final states as discus
earlier.

Recent calculations of the mixing angle have been d
by Chan et al. @20# using QCD sum rules, Maltman an
Goldman@21# using a chiral quark model, and Piekarewi
@22# who used an hadronic model. These models include
possibleq2 dependence in the mixing angle. They yield va
ues ofuph5(0.7520.83)°. It is not clear whether the octe
singlet mixing is properly included. Leutwyler@23# argues
that the effect of the octet-singlet mixing is to increase
mixing angle by about 20% which would yield values n
greater than 1°. Using a method of saturating anomal
Ward identities withp0, h, andh8 mesons which naturally
includes octet-singlet mixing, Bagchi@24# has calculated a
value ofuph5(1.9560.75)°; twice the size of values give
above. He also obtains a value for the octet-singlet mixing
220° consistent with other more recent calculations of t
angle. The factor of two difference between Bagchi and
others could be due to the way the octet-singlet mixing
handled@23#. Our result falls between these two differe
values of the mixing angle and the size of our uncertai

FIG. 10. The angular distributions forh production normalized
to our theoretical differential cross sections for 670 MeV/c beam
momentum and a spectrometer opening angle of 140° for the r
tions p2d→nnh ~a! and p1d→pph ~b!. ~c! and ~d! are similar
distributions for an opening angle of 130° that compare data at
MeV/c with model calculations at 746 MeV/c.
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prevents us from excluding either. The fact that our resul
significantly larger than the'1° calculations could be due
to the octet-singlet mixing and/or nuclear medium effects

Clearly, improvement of this technique by the use of
large acceptance detector to provide a better determinatio
the angular dependence as well as higher statistics comb
with a more refinedh production model could significantly
reduce the uncertainty in the determination of the mixi
angle. Another advantage of this method is the potential
ploration of the mixing angle as a function ofq2 of which
there is much theoretical disagreement. This is important
understanding CSB since thep-h mixing contribution must
be determined by extrapolation. Our study is the first de
mination of thep-h mixing angle from a nuclear reactio
process.
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FIG. 11. Comparison of the ratio R[ds(p1d
→pph)/ds(p2d→nnh) for phase I (•) and phase II (+) after
adjustment for then-p mass difference and initial state Coulom
interaction. The dashed lines indicate the one-s band for the mean
asymmetry determined from the data.dEp

cm is the relative c.m. en-
ergy of the pion above thepph threshold.
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@8# M. Batinić, I. Šlaus, A. Švarc, and B. M. K. Nefkens, Phys
Rev. C 51, 2310 ~1995!; Few-Body Syst., Suppl.9, 219
~1995!; Phys. Rev. C57, 1004~1998!; M. Batinić, I. Dadić, I.
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