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p0-h meson mixing in pd\3Hp¿Õ3Hep0 reactions
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Beam momentum dependence of the experimental cross sections forpd→3Hp1/3Hep0 reactions have been
studied at large proton-pion relative angle. The measurements were performed for five beam momenta in the
region of theh meson production threshold. Observed behavior of the measured cross sections ratio reveals
manifestations of the isospin symmetry breaking effects. A simple model allows one to interpret the isospin
symmetry breaking in terms ofp0-h meson mixing. Based on that model analysis of the experimental results
leads to the mixing angle value of 0.00660.005 rad.
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The isospin symmetry is an approximate symmetry
served in hadron properties and interactions. Regardles
its exactness the use of the isospin symmetry is fruitful
various nuclear and particle physics applications. On
hadronic level the isospin symmetry breaking could be
tributed to the electroweak interaction, differences in
hadron masses and to some extent to the strong interac
All these isospin symmetry breaking sources should fi
their explanation in QCD. On the quark level the isosp
symmetry is broken due to theu andd quarks current mas
difference @1# and their electroweak interaction. The ele
troweak interaction may be to some extent treated preci
for hadrons. It is, however, not easy to relate the isos
symmetry breaking on hadronic level to the quark mass
ference. Since theu and d quark mass difference is ver
small @2# the isospin symmetry breaking is also small f
hadronic systems, where the current masses are replace
large constituent masses. In some part this quark mass
ference is responsible for the hadron mass difference, w
obviously leads to the isospin symmetry breaking on h
ronic level. This effect can be partially described in the chi
perturbation theory or in the lattice calculations which le
to an estimation of theu and d quark mass ratio or thei
average mass~see Ref.@2# for review!. Beside hadron mas
differences, dynamical effects in the strong hadron inter
tion are also induced by the quark mass difference. On
the most important dynamical effects is the light meson m
ing induced by theu and d quark mass difference whic
leads to isospin breaking hadronic strong forces.

A large interest in investigations of meson mixing is d
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to the fact that such dynamics can be calculated pertu
tively and may be directly related to the quark mass diff
ence. On the other hand this mixing may be also easily s
ied experimentally via the isospin or charge symme
breaking processes. The most important cases comp
p0-h-h8 and r-v meson mixing. Ther-v meson mixing
can be observed directly in some reactions on the mass
since the masses and widths of these mesons cause
strong overlapping. Indeed, a strong interference due tor-v
mixing was observed in thee1e2→p1p2 reaction@3#. The
observation ofp0-h-h8 mixing is not so straightforward due
to large mass differences of these mesons, which result
the fact that such mixing may occur only in off mass sh
processes.

The main observable measured in the isospin or cha
symmetry breaking experiments is the mixing angleum , dis-
cussed here for the case ofp0-h mixing. Let us describe the
pure isospin 0 and 1 eigenstates of the SU~3! flavor symme-
try respectively, byup̃0& and uh̃&. The QCD Hamiltonian
containing quark masses leads to nonzero probability for
transition between the states of different isospin, descri
by the matrix element̂p̃0uHuh̃& which may be related to the
u andd quark mass difference. Therefore the physical sta
of p0 and h mesons are no longer pure isospin states,
each contains admixtures of both the above introduced
spin eigenstates. Usually this is represented by

up0&5cosumup̃0&2sinumuh̃&

uh&5sinumup̃0&1cosumuh̃&. ~1!
©2003 The American Physical Society03-1
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The magnitude of isospin or charge symmetry breakin
described by the meson mixing angleum . Using the orthogo-
nality condition for real mesons it is possible to relate t
mixing angle to the matrix element^p̃0uHuh̃& that can be
calculated on the quark level, obtaining

um52
^p̃0uHuh̃&

mp0
2

2mh
2

. ~2!

A measurement of thep0-h mixing angle may deliver
additional limits on theu and d quark masses since it i
sensitive to their mass difference. Magnitude of this an
plays an important role in various processes where pi
appear in the intermediate or final states. Thep0-h mixing
may be important in the analysis ofCP violation sources
leading to the enhancement ofe8/e @4,5#. The isospin sym-
metry breaking due top0-h mixing has strong implications
on the analysis ofB→pp decays@6# and impacts strongly
the extracted value of sin 2a which is related to certain CKM
matrix elements.

Various theoretical attempts to calculate thep0-h-h8
mixing with QCD based models agree in results for theh-h8
mixing angle. Also predictions for thep0-h mixing angle are
similar and deliver values of 0.014–0.015 rad~see Ref.@7#
for references!. There are, however, some calculations del
ering values out of this range, e.g., 0.034 rad@8# or 0.010 rad
@9#. Experimental evidence comes from isospin or cha
symmetry forbidden meson decays which may be interpre
in the meson mixing formalism~see Ref.@10# for refer-
ences!. Charge symmetry breaking was observed also in h
ronic reactionsp1d→pph and p2d→nnh, which, inter-
preted within a model forh production, delivered thep0-h
mixing angle of 0.02660.007 rad@11#.

The p0-h meson mixing may play an important role als
in the pd→3Hp1/3Hep0 reactions in a specific beam mo
mentum region@7#. Experimentally the isospin symmetr
breaking may be inspected by observing the ratioR of the
differential cross sections for these reactions:

R5

ds

dV
~pd→3Hp1!

ds

dV
~pd→3Hep0!

. ~3!

The exact isospin symmetry predicts this ratio to be eq
to 2. This result is obtained for thep0 meson treated as th
pure isospin 1 state. Due to meson mixing the realp0 me-
sons have a small admixture of isospin 0, which leads
isospin symmetry breaking. Since this admixture is ve
small, the isospin symmetry breaking effects are also v
small. However, under special conditions they may be
hanced, allowing a direct investigation of thep0-h meson
mixing. In thepd→3Hp1/3Hep0 reactions a large effect o
isospin symmetry breaking due to meson mixing should
pear for beam momenta close to theh meson production
threshold and for outgoing products’ angles correspondin
large relative proton-pion angles. The effect can be obser
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in the ratio of the cross sections for the3H and 3He produc-
tion. The predicted deviations of this ratio from 2 are abo
20% @7#.

In order to extract the mixing angle, the beam moment
dependence of the ratioR has to be measured over a narro
momentum region close to theh production threshold.
Changes of the ratio will indicate isospin symmetry break
due to thep0-h meson mixing. Besides the meson mixin
effect the isospin symmetry might be broken due to the e
tromagnetic interaction and to the mass difference of the o
going particles. However, the electromagnetic interact
cannot produce strong variation of the ratio over the sm
beam momentum range, its influence would eventually re
in only a constant shift of the ratioR. Since the investiga-
tions are performed for beam momenta far above the p
production threshold, the mass differences of outgoing p
ticles introduce negligible effect on the isospin symme
breaking.

Few measurements of the differential cross sections of
pd→3Hp1/3Hep0 reactions for large relative proton-pio
angles have been performed up to now, at several beam
menta @12–14#. These measurements addressed separa
3Hp1 and 3Hep0 outgoing channels. Some of them we
performed at the same incident momentum, therefore all
ing one to calculate the ratioR. The resulting values vary in
the range of 1.3–2.4. These values substantially differ fr
the expected value of 2, suggesting that the quoted sys
atic errors of a few percent are strongly underestimated
order to reduce the systematic uncertainty, a simultane
measurement is necessary. Then the ratio of the differen
cross sections may be obtained directly from the measu
numbers of countsN3H and N3He for the detected3H and
3He, respectively:

R5A
N3H

N3He
, ~4!

whereA is the relative acceptance of the detection syste
where 3H and 3He are registered. In such a case the m
and virtually the only relevant systematic uncertainty com
from the relative acceptance measurement.

We have designed and performed the first measureme
the ratioR, based on the simultaneous detection of both
action products. In this way large uncertainties connec
with absolute normalization of two cross section values
avoided if only the ratio is concerned. The experiment w
performed at the COSY accelerator@15# in Jülich using an
extracted beam with an intensity of 53108 protons/s. The
ratio of differential cross sections was measured for fi
beam momenta: 1.56, 1.57, 1.571, 1.59, and 1.70 Gec
with the beam momentum determination accuracy better t
0.1%. A liquid deuterium target@16# with thickness of 1 cm
was used, yielding a luminosity of about
31031 s21 cm22. The reaction products were detected usi
the upgraded Big Karl magnetic spectrometer. In the m
surements the3H and 3He ejectiles with maximal moment
were registered, which corresponded to a large proton-p
relative angle. The individual cross sections for thepd
→3Hp1 and pd→3Hep0 reactions were also obtained
3-2
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however, with larger systematical uncertainties. More det
on the experimental procedure and on data evaluation ca
found in Refs.@17,18#; below, only the most important fea
tures will be presented.

The outgoing3H and 3He particles have almost the sam
momenta, but due to different charges their magnetic rig
ties differ by a factor of 2. The upgraded Big Karl spectro
eter is capable to detect simultaneously particles with s
different magnetic rigidities. The3He ejectiles are bent to
the standard focal plane while3H particles reach the detec
tion system located at the first dipole outer yoke. Both
tection systems contain drift chambers used for part
tracking and two planes of the scintillating hodoscopes
livering information on the energy losses and on the time
flight. All these data are sufficient to unambiguously ident
the investigated reactions. At the focal plane the specific
ergy losses and the time of flight information are used
particle identification. The data on the particle track are u
to determine the particle momentum, enabling one to ca
late the missing mass. Finally, the missing mass spectru
used for integrating the events registered in the focal pla
For identification of thepd→3Hp1 reaction the information
from the reconstructed tracks was used first. The events
sociated with the particles of well defined momentum
correlated when regarding their emission angles and de
tion positions. Therefore, projecting the events on the an
vs position spectra for horizontal and vertical directions
sults in formation of narrow bands for ejectiles with speci
momenta. Additionally it was requested that the energy l
exceeds some threshold value appropriate for the3H ejec-
tiles. With all these cuts the time of flight spectrum w
constructed.

The background in the3H spectrum is substantial whe
compared to that observed for the3He ejectiles. The main
source of this background comes from the secondary
ticles produced by the beam hitting the first dipole yoke. T
beam dump is located close to the detection system at
first dipole exit since the3H and beam momenta are ve
similar. In order to reduce the background to an accepta
level a nonzero beam incidence angle on the target has
introduced. It was achieved by a common action of
steerer magnets in the beam line and a special dipole ma
located close to the target. This magnet arrangement ben
beam in front of the target tilting it horizontally with respe
to the spectrometer optical axis. The beam incidence a
on the target was precisely calibrated using thepp→dp1

reaction registered with the standard focal plane detec
system. Since the missing mass is sensitive to the beam a
at the target, it was used to calibrate the beam bending di
current. Later on, in all measurements the beam incide
angle on the target was kept constant at the value of 1
60.5 mrad.

The relative acceptance measurement was also perfor
with the use of thepp→dp1 reaction. At the beam momen
tum of 1.206 GeV/c the ratio of deuteron and pion momen
is equal to 2. Therefore, their simultaneous detection sim
lates exactly the conditions for3H and 3He registration. The
kinematical coincidences of outgoing deuterons and pi
were used for the relative acceptanceA determination, lead-
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ing to the valueA518.862.0. Due to certain experimenta
limitations@17#, the value ofA obtained in this method migh
be considered as an upper limit for the relative acceptan
To check the result, the relative acceptance measurem
based on the equality of the center of mass cross section
deuterons emitted at 0° and 180° were performed for e
beam momentum. It has been found that this procedure le
to similar results for the relative acceptance. However, si
the ratio of the deuteron momenta is not exactly equal to 2
is necessary to introduce some corrections, leading to la
systematical uncertainties. Therefore finally theA value ob-
tained in the coincidence measurement was used to d
mine the cross sections ratio and individual values of
pd→3Hp1 reaction cross section.

The number of events corresponding to the detected3He
from thepd→3Hep0 reaction was extracted from the mis
ing mass spectra by fitting the Gaussian distribution toge
with a linear background. Then the events were integra
within the 63s region and the background function ob
tained from the fit was integrated in the same range. The fi
number of events for3He, N3He was obtained as the differ
ence of these two integration results, with the statistical e
reflecting the statistics of both, the peak and the backgrou

The number of events corresponding to the detected3H
from thepd→3Hp1 reaction was extracted from the time o
flight spectra. The particles of a given momentum not ori
nating from the target are lying outside the correlation ba
in the position-angle spectrum for vertical direction. Usi
gates positioned in the regions above and below this co
lation band, the background distribution can be obtained
has been found that the background is almost identical
events lying above and below the correlation band; it w
however, approximated by the average of these two. Su
background was subtracted from the time of flight spec
and the final number of3H events,N3H , was obtained by
integrating the fitted to the triton peak Gaussian distribut
within the63s region. Separately, the background distrib
tion was integrated within the same region in order to eva
ate the total statistical uncertainty of the final number of3H
events.

The resulting numbers of events for3H and 3He were
corrected for the corresponding detection efficiencies of
two detection systems. The total efficiency is given by t
drift chambers’ efficiency and the events rejection proba
ity due to two hits in a single scintillator paddle. The dr
chambers’ efficiencies were varying from run to run due
different high voltages and slightly different gas mixture
Their values have been determined with a good accuracy
every beam momentum, giving a correction factor of 85%
98%. The double hit correction was important only for t
triton detection system, where its value was found to
91%–97%. It should be noticed that the total efficiencies
known with the relative precision of below 0.5%.

Using the obtained final numbers of events for3H and
3He and the relative acceptance of the two detection syst
for these two ejectiles, the ratio of the cross sections w
calculated for every beam momentum. The results, toge
with their pure statistical errors, are presented in Table I a
are shown in Fig. 1~c!. The ratios of the cross sections ca
3-3
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culated using the data from Refs.@13,14# are also shown. Fo
those data their quoted systematic error of 8%, originat
from the normalization to the beam intensity, was also ta
into account. The systematic error in our measurem
comes mainly from the inaccuracy of the relative accepta
determination and is equal to 10%. This systematic error
common ~the same for all beam momenta! multiplicative
factor influencing the absolute value of the cross secti

102

d(p,3He)π0a)

dσ
H

e/
dΩ

 [n
b/

sr
]

102

d(p,3H)π+b)

dσ
H
/d

Ω
 [n

b/
sr

]

1

1.5

2

2.5

1.2 1.4 1.6 1.8

c)

pp [GeV/c]

[d
σ H

/d
Ω

]/[
dσ

H
e/

dΩ
]

FIG. 1. Beam momentum dependence of the center of m
cross sections for thepd→3Hep0 ~a! andpd→3Hp1 ~b! reactions
for the relative proton-pion angle of 180°, and the ratio of these
cross sections~c!. Full dots represent the results of this experime
Open circles in panels~a! and~b! show the cross section data fro
Refs.@12–14#. In panel~c! open circles represent the cross sect
ratio calculated using those results from Refs.@13,14#, which were
obtained at the same beam momenta.

TABLE I. Experimental center of mass cross section values~in
nb/sr! for the pd→3Hp1/3Hep0 reactions for the relative proton
pion angle of 180° and their ratios for five beam momenta. O
statistical errors are listed.

plab @GeV/c# ds/dV(3H) ds/dV(3He) RatioR

1.560 47.463.9 23.160.6 2.0560.17
1.570 45.866.6 24.960.7 1.8460.27
1.571 47.562.2 21.160.2 2.2460.11
1.590 62.668.6 24.361.0 2.5760.37
1.700 44.064.7 17.860.4 2.4760.27
02160
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ratio. Therefore, when considering the relative values of
ratio R, the influence of this systematic uncertainty is ca
celed.

We have calculated also the absolute values of the c
sections for the two investigated reactions, using the norm
ization to the target thickness and beam intensity, the ap
priate solid angles, and applying proper dead time corr
tions. Target thickness is known with an accuracy of 3
from the dimensions of the cylinder containing the liqu
deuterium. The beam intensity was measured with calibra
luminosity monitors mounted close to the target. Their ca
bration was performed with several precisely known be
intensities reduced so that the direct beam could have b
detected at the first dipole exit detection system. The lin
dependence of the counting rate in the luminosity monit
as the function of the full beam intensity was extrapolated
the high beam intensities used in the regular measurem
This procedure leads to the systematical uncertainty in
cross sections determination of 5%. The known optical tra
formation parameters for the tracks detected at the fo
plane were used to determine the angles of the ejectiles e
ted from the target. This allowed us to calculate the so
angle for the detection system at the focal plane with
precision of 7%. As already mentioned, the accuracy of
acceptance of the first dipole exit detection system was m
sured relative to the focal plane acceptance with an accu
of 10%. The dead time corrections were determined w
precision better than 1%. All systematical uncertainties yi
the total systematical errors of 9% and 13.5% for the ab
lute values of the cross sections for3He and 3H, respec-
tively. The results of the center of mass cross sections for
two investigated reactions are given in Table I and are sho
in Figs. 1~a! and 1~b!, together with the existing data@12–
14#.

The absolute values of the cross sections measured fo
pd→3Hp1/3Hep0 reactions agree very well with the exis
ing data. Also the ratios of the cross sections are in go
agreement with those calculated from the available data.
measured values of the cross section ratio indicate the e
tence of isospin symmetry breaking effects in the region
the h meson production threshold. It should be pointed o
however, that already the ratio of the cross sections ca
lated from the data of Refs.@13,14# shows large deviations
from the expected value of 2 even in the beam momen
region far below theh meson production threshold. Th
present data lead to the ratio values larger than 2 at b
momenta far above theh threshold. This may be due t
systematical uncertainty of the data; however, it might
also attributed to isospin symmetry breaking effects not
lated to the meson mixing. Such an effect can be due to
different electromagnetic interaction in the two compar
outgoing channels. This, however, is expected to be ra
small due to large relative energy of outgoing particles. A
other effect may originate from the differences in the wa
functions of3H and 3He nuclei. It may be as large as 10%
estimated within the simple model@19#. It may be, however,
expected that such effects in the narrow beam momen
range will lead only to a constant shift of the cross sectio

ss

o
.

y

3-4



te

at
he

ns a
rmi-
eri-
ther

,
ic-

gle,
by

or

tan-
that

c-
ter-
o a
isti-
ion
el,
nd
on
s.

t
es
lo

RAPID COMMUNICATIONS

p0-h MESON MIXING IN pd→3Hp1/3Hep0 REACTIONS PHYSICAL REVIEW C68, 021603~R! ~2003!
ratio. Also a strong final state interaction between the in
mediateh and the3He nucleus cannot be excluded.

The simple model of Ref.@7# does not contain all the
effects that may lead to a deviation of the cross sections r
from the isospin symmetry predicted value of 2. On the ot

0.8

1

1.2

1.4

1.6
a)

1.2
1.6

2.0

N

1

1.5

2

0.02 0.01 0 0.01 0.02

b)

θm [rad]

χ2 /n

FIG. 2. A contour plot of the values ofx2 per degree of freedom
as a function of the overall normalization factorN and the mixing
angleum ~a!, and as a function of the fittedum for various fixed
normalization factors~b!. In panel~a! equidistant lines of constan
x2/n values are plotted; for clarity only for the three innermost lin
the values ofx2 are indicated. For the procedure leading to the p
in panel~b! see text.
l.

02160
r-

io
r

hand, the experimental ratio of the cross sections contai
systematical uncertainty of the relative acceptance dete
nation. When comparing the model predictions to the exp
mental results these two factors can be combined toge
and treated as an overall normalization factorN, which mul-
tiplies the predictions. This leads to two free parametersN
and um , necessary in the comparison of the model pred
tions with the data. As shown in Fig. 2~a!, the x2 value per
degree of freedom (x2/n with n53) as a function of the two
parameters, the normalization factor and the mixing an
reveals a clear minimum. This global minimum is found
fixing the value ofN and fitting theum value, which mini-
mizes thex2/n with n54. Such procedure is repeated f
several values of the normalization factorN, resulting in the
dependence ofx2/n shown in Fig. 2~b!. The minimum is
reached forN51.15 and um50.00660.005 rad with the
x2/n51.13, where the quoted error corresponds to one s
dard deviation. The present result is much smaller than
obtained from the analysis ofp1d→pph and p2d→nnh
reactions@11#. It is rather closer to the lower bound predi
tions of QCD based models. In order to improve the de
mination of the mixing angle more data are required. Als
more advanced model, which should include more soph
cated effects, will be necessary to draw a definite conclus
on the origin of isospin symmetry breaking. Such a mod
based onK-matrix formalism, has been created by Green a
Wycech @20#. Predictions based on that model might so
shed light on the isospin nonconserving nuclear dynamic
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