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Beam momentum dependence of the experimental cross sectignd-fotH = /°Her® reactions have been
studied at large proton-pion relative angle. The measurements were performed for five beam momenta in the
region of theny 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 af% 7 meson mixing. Based on that model analysis of the experimental results
leads to the mixing angle value of 0.066.005 rad.
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The isospin symmetry is an approximate symmetry ob+o the fact that such dynamics can be calculated perturba-
served in hadron properties and interactions. Regardless @fely and may be directly related to the quark mass differ-
its exactness the use of the isospin symmetry is fruitful inence. On the other hand this mixing may be also easily stud-
various nuclear and particle physics applications. On théed experimentally via the isospin or charge symmetry
hadronic level the isospin symmetry breaking could be atbreaking processes. The most important cases comprise
tributed to the electroweak interaction, differences in then%#-7’ and p-w meson mixing. Thep-w meson mixing
hadron masses and to some extent to the strong interactiocan be observed directly in some reactions on the mass shell
All these isospin symmetry breaking sources should findsince the masses and widths of these mesons cause their
their explanation in QCD. On the quark level the isospinstrong overlapping. Indeed, a strong interference dyg do
symmetry is broken due to theandd quarks current mass mixing was observed in the*e™ — 7" 7~ reaction[3]. The
difference[1] and their electroweak interaction. The elec- observation ofr°-7-7’ mixing is not so straightforward due
troweak interaction may be to some extent treated preciselio large mass differences of these mesons, which results in
for hadrons. It is, however, not easy to relate the isospinhe fact that such mixing may occur only in off mass shell
symmetry breaking on hadronic level to the quark mass difprocesses.
ference. Since ther and d quark mass difference is very ~ The main observable measured in the isospin or charge
small [2] the isospin symmetry breaking is also small for symmetry breaking experiments is the mixing anglg dis-
hadronic systems, where the current masses are replaced byssed here for the case of-7 mixing. Let us describe the
large constituent masses. In some part this quark mass difure isospin 0 and 1 eigenstates of the(®Ulavor symme-
ference is responsible for the hadron mass difference, whiclyy, regpectively, by|7°) and |7). The QCD Hamiltonian
obviously leads to the isospin symmetry breaking on hadgontaining quark masses leads to nonzero probability for the

ronic level. This effect can be partially described in the chiralyansition between the states of different isospin, described
perturbation theory or in the lattice calculations which Ieadby the matrix eIemer‘(t?r°|H|7;> which may be related to the

to an estimation of thar and d quark mass ratio or their : )
; . u andd quark mass difference. Therefore the physical states
average masésee Ref[2] for review). Beside hadron mass 0 . .
of 77~ and » mesons are no longer pure isospin states, but

differences, dynamical effects in the strong hadron interac- ! . ! .
. ; d ach contains admixtures of both the above introduced iso-
tion are also induced by the quark mass difference. One oz in eigenstates. Usuallv this is represented b

the most important dynamical effects is the light meson mix- b 9 ' y P y
ing induced by theu and d quark mass difference which
leads to isospin breaking hadronic strong forces.

0\ — ~O\ _ i -
A large interest in investigations of meson mixing is due | 77)=C0S0| 7°) —Sin | 7)

*Electronic address: magiera@if.uj.edu.pl | 7)=sin 0| 7°) + cOS O] 7). (1)
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The magnitude of isospin or charge symmetry bréaking ig, yhe ratio of the cross sections for el and *He produc-

des_cribed b.Y the meson mixing an@'ﬁ' Usin_g the orthogo- tion. The predicted deviations of this ratio from 2 are about
nality condition for real mesons it is possible to relate thezoo/0 [7].

mixing angle to the matrix elemertr°|H|7) that can be In order to extract the mixing angle, the beam momentum
calculated on the quark level, obtaining dependence of the ratR has to be measured over a narrow
momentum region close to the production threshold.
(7°|H|7) Changes of the ratio will indicate isospin symmetry breaking
m= m 2 due to them®-» meson mixing. Besides the meson mixing
a0y effect the isospin symmetry might be broken due to the elec-

o ) tromagnetic interaction and to the mass difference of the out-
A measurement of ther®-» mixing angle may deliver going particles. However, the electromagnetic interaction
additional limits on theu and d quark masses since it is cannot produce strong variation of the ratio over the small
sensitive to their mass difference. Magnitude of this angleyeam momentum range, its influence would eventually result
plays an important role in various processes where pionfy only a constant shift of the rati. Since the investiga-
appear in the intermediate or final states. Fe» mixing  tions are performed for beam momenta far above the pion
may be important in the analysis @P violation sources production threshold, the mass differences of outgoing par-
leading to the enhancement ef/ e [4,5]. The isospin sym- ticles introduce negligible effect on the isospin symmetry
metry breaking due ter®-5 mixing has strong implications breaking.

on the analysis oB— w7 decays[6] and impacts strongly Few measurements of the differential cross sections of the
the extracted value of siriwhich is related to certain CKM  pd—3H#"/3Hen° reactions for large relative proton-pion

matrix elements. angles have been performed up to now, at several beam mo-
Various theoretical attempts to calculate th€-7-7"  menta[12-14. These measurements addressed separately
mixing with QCD based models agree in results forthe’  3Hz* and *Hen® outgoing channels. Some of them were

mixing angle. Also predictions for the®-» mixing angle are  performed at the same incident momentum, therefore allow-

similar and deliver values of 0.014-0.015 reste Ref[7]  ing one to calculate the ratig. The resulting values vary in

for referencep There are, however, some calculations deliv-the range of 1.3—2.4. These values substantially differ from

ering values out of this range, e.g., 0.034 f&Hor 0.010 rad  the expected value of 2, suggesting that the quoted system-

[9]. Experimental evidence comes from isospin or chargeatic errors of a few percent are strongly underestimated. In

symmetry forbidden meson decays which may be interpretedrder to reduce the systematic uncertainty, a simultaneous

in the meson mixing formalisnisee Ref.[10] for refer-  measurement is necessary. Then the ratio of the differential

enceg. Charge symmetry breaking was observed also in hadeross sections may be obtained directly from the measured

ronic reactionsm*d—pp#n and w~d—nn», which, inter-  numbers of countdNs, and N3, for the detected®H and

preted within a model for production, delivered ther®-7 ®He, respectively:

mixing angle of 0.026: 0.007 rad[11].

The 7%-7 meson mixing may play an important role also Nay

in the pd—3H=*/3Hex reactions in a specific beam mo- R=A

mentum region[7]. Experimentally the isospin symmetry

breaking may be inspected by observing the r&iof the  whereA is the relative acceptance of the detection systems

differential cross sections for these reactions: where H and 3He are registered. In such a case the main
and virtually the only relevant systematic uncertainty comes

4

N3He ’

o o from the relative acceptance measurement.
gq (Pd—"H7") We have designed and performed the first measurement of
R= d ) (3) the ratioR, based on the simultaneous detection of both re-
e 3 0 action products. In this way large uncertainties connected
(pd—"Hem") : g :
dQ with absolute normalization of two cross section values are

avoided if only the ratio is concerned. The experiment was

The exact isospin symmetry predicts this ratio to be equaperformed at the COSY accelerafds5] in Juich using an
to 2. This result is obtained for the® meson treated as the extracted beam with an intensity of<8L0° protons/s. The
pure isospin 1 state. Due to meson mixing the redlme-  ratio of differential cross sections was measured for five
sons have a small admixture of isospin 0, which leads tdbeam momenta: 1.56, 1.57, 1.571, 1.59, and 1.70 GeV/
isospin symmetry breaking. Since this admixture is verywith the beam momentum determination accuracy better than
small, the isospin symmetry breaking effects are also ver{).1%. A liquid deuterium targdtl6] with thickness of 1 cm
small. However, under special conditions they may be enwas used, vyielding a Iuminosity of about 3
hanced, allowing a direct investigation of the-7 meson Xx10°*s !cm 2. The reaction products were detected using
mixing. In thepd—3H=*/3Hen? reactions a large effect of the upgraded Big Karl magnetic spectrometer. In the mea-
isospin symmetry breaking due to meson mixing should apsurements théH and He ejectiles with maximal momenta
pear for beam momenta close to tlemeson production were registered, which corresponded to a large proton-pion
threshold and for outgoing products’ angles corresponding teelative angle. The individual cross sections for thd
large relative proton-pion angles. The effect can be observed-*H#* and pd—3Hen° reactions were also obtained,
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however, with larger systematical uncertainties. More detailsng to the valueA=18.8+2.0. Due to certain experimental
on the experimental procedure and on data evaluation can bieitations[17], the value ofA obtained in this method might
found in Refs[17,18; below, only the most important fea- be considered as an upper limit for the relative acceptance.
tures will be presented. To check the result, the relative acceptance measurements
The outgoing®H and *He particles have almost the same based on the equality of the center of mass cross sections for
momenta, but due to different charges their magnetic rigidideuterons emitted at 0° and 180° were performed for each
ties differ by a factor of 2. The upgraded Big Karl spectrom-beam momentum. It has been found that this procedure leads
eter is capable to detect simultaneously particles with sucto similar results for the relative acceptance. However, since
different magnetic rigidities. ThéHe ejectiles are bent to the ratio of the deuteron momenta is not exactly equal to 2, it
the standard focal plane whifjH particles reach the detec- is necessary to introduce some corrections, leading to large
tion system located at the first dipole outer yoke. Both desystematical uncertainties. Therefore finally thealue ob-
tection systems contain drift chambers used for particlgained in the coincidence measurement was used to deter-
tracking and two planes of the scintillating hodoscopes demine the cross sections ratio and individual values of the
livering information on the energy losses and on the time ofpd—3H#* reaction cross section.
flight. All these data are sufficient to unambiguously identify ~ The number of events corresponding to the detectée
the investigated reactions. At the focal plane the specific enfrom the pd— 2He#° reaction was extracted from the miss-
ergy losses and the time of flight information are used foring mass spectra by fitting the Gaussian distribution together
particle identification. The data on the particle track are useavith a linear background. Then the events were integrated
to determine the particle momentum, enabling one to calcuwithin the =3¢ region and the background function ob-
late the missing mass. Finally, the missing mass spectrum igained from the fit was integrated in the same range. The final
used for integrating the events registered in the focal planenumber of events foPHe, Nay,, was obtained as the differ-
For identification of thegd—*H# " reaction the information ence of these two integration results, with the statistical error
from the reconstructed tracks was used first. The events aseflecting the statistics of both, the peak and the background.
sociated with the particles of well defined momentum are The number of events corresponding to the detectdd
correlated when regarding their emission angles and dete¢rom thepd—3H= " reaction was extracted from the time of
tion positions. Therefore, projecting the events on the anglélight spectra. The particles of a given momentum not origi-
vs position spectra for horizontal and vertical directions re-nating from the target are lying outside the correlation band
sults in formation of narrow bands for ejectiles with specificin the position-angle spectrum for vertical direction. Using
momenta. Additionally it was requested that the energy losgates positioned in the regions above and below this corre-
exceeds some threshold value appropriate for 3Heejec- lation band, the background distribution can be obtained. It
tiles. With all these cuts the time of flight spectrum washas been found that the background is almost identical for
constructed. events lying above and below the correlation band; it was,
The background in théH spectrum is substantial when however, approximated by the average of these two. Such a
compared to that observed for tHele ejectiles. The main background was subtracted from the time of flight spectra
source of this background comes from the secondary paand the final number ofH events,Ns,, was obtained by
ticles produced by the beam hitting the first dipole yoke. Thisintegrating the fitted to the triton peak Gaussian distribution
beam dump is located close to the detection system at thgithin the =30 region. Separately, the background distribu-
first dipole exit since theH and beam momenta are very tion was integrated within the same region in order to evalu-
similar. In order to reduce the background to an acceptablate the total statistical uncertainty of the final numberPf
level a nonzero beam incidence angle on the target has beewnents.
introduced. It was achieved by a common action of the The resulting numbers of events fdH and *He were
steerer magnets in the beam line and a special dipole magnebrrected for the corresponding detection efficiencies of the
located close to the target. This magnet arrangement bent thwo detection systems. The total efficiency is given by the
beam in front of the target tilting it horizontally with respect drift chambers’ efficiency and the events rejection probabil-
to the spectrometer optical axis. The beam incidence angligy due to two hits in a single scintillator paddle. The drift
on the target was precisely calibrated using pe—d=" chambers’ efficiencies were varying from run to run due to
reaction registered with the standard focal plane detectiodifferent high voltages and slightly different gas mixtures.
system. Since the missing mass is sensitive to the beam andi@eir values have been determined with a good accuracy for
at the target, it was used to calibrate the beam bending dipolkevery beam momentum, giving a correction factor of 85%—
current. Later on, in all measurements the beam incidenc8%. The double hit correction was important only for the
angle on the target was kept constant at the value of 15.8iton detection system, where its value was found to be
+0.5 mrad. 91%-97%. It should be noticed that the total efficiencies are
The relative acceptance measurement was also performéehown with the relative precision of below 0.5%.
with the use of thepp—d=™" reaction. At the beam momen- Using the obtained final numbers of events fi and
tum of 1.206 GeV¢ the ratio of deuteron and pion momenta 3He and the relative acceptance of the two detection systems
is equal to 2. Therefore, their simultaneous detection simufor these two ejectiles, the ratio of the cross sections was
lates exactly the conditions foiH and He registration. The calculated for every beam momentum. The results, together
kinematical coincidences of outgoing deuterons and pionsvith their pure statistical errors, are presented in Table | and
were used for the relative acceptankeletermination, lead- are shown in Fig. (£). The ratios of the cross sections cal-
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TABLE |. Experimental center of mass cross section valires  ratio. Therefore, when considering the relative values of the
nb/sy for the pd—*Hm"/*Hen” reactions for the relative proton- ratio R, the influence of this systematic uncertainty is can-
pion angle of 180° and their ratios for five beam momenta. Onlycgled.
statistical errors are listed. We have calculated also the absolute values of the cross
sections for the two investigated reactions, using the normal-
ization to the target thickness and beam intensity, the appro-

Py [GeVIE]  do/dQCH)  da/dQ(He) RatioR

1.560 47.43.9 23.1+0.6 2.05-0.17 priate solid angles, and applying proper dead time correc-
1.570 45.8:6.6 24.9:0.7 1.84-0.27 tions. Target thickness is known with an accuracy of 3%
1.571 47522 21.1-0.2 2.24-0.11 from the dimensions of the cylinder containing the liquid

1.590 62.6-8.6 24.3-1.0 2.57-0.37 deuterium. The beam intensity was measured with calibrated
1.700 44,0 4.7 17.8-0.4 2.47:0.27 luminosity monitors mounted close to the target. Their cali-

bration was performed with several precisely known beam
intensities reduced so that the direct beam could have been

culated using the data from Ref43,14] are also shown. For detected at the first dipole exit detection system. The linear
those data their quoted systematic error of 8%, originatinglependence of the counting rate in the luminosity monitors
from the normalization to the beam intensity, was also taker®s the function of the full beam intensity was extrapolated to
into account. The systematic error in our measuremerihe high beam intensities used in the regular measurement.
comes mainly from the inaccuracy of the relative acceptancéhis procedure leads to the systematical uncertainty in the
determination and is equal to 10%. This systematic error is aross sections determination of 5%. The known optical trans-
common (the same for all beam momentanultiplicative  formation parameters for the tracks detected at the focal
factor influencing the absolute value of the cross sectionplane were used to determine the angles of the ejectiles emit-
ted from the target. This allowed us to calculate the solid
~a) 3 angle for the detection system at the focal plane with the
[ o d(p, He)T[O precision of 7%. As already mentioned, the accuracy of the
© acceptance of the first dipole exit detection system was mea-
sured relative to the focal plane acceptance with an accuracy
o of 10%. The dead time corrections were determined with
¢ . o 0% o precision better than 1%. All systematical uncertainties yield
bo O e the total systematical errors of 9% and 13.5% for the abso-
= % lute values of the cross sections féHe and *H, respec-
g tively. The results of the center of mass cross sections for the
r b) d(p,3H)Tt+ two investigated reactions are given in Table | and are shown
in Figs. 1@ and 1b), together with the existing dafd2—
14].

The absolute values of the cross sections measured for the
pd—3Hz " /*Her? reactions agree very well with the exist-
ing data. Also the ratios of the cross sections are in good
© ¢ °© agreement with those calculated from the available data. The
- ® 9’ measured values of the cross section ratio indicate the exis-

C) tence of isospin symmetry breaking effects in the region of
i the » meson production threshold. It should be pointed out,
however, that already the ratio of the cross sections calcu-
lated from the data of Ref$13,14] shows large deviations
from the expected value of 2 even in the beam momentum
region far below thenz meson production threshold. The
present data lead to the ratio values larger than 2 at beam
% momenta far above the threshold. This may be due to
systematical uncertainty of the data; however, it might be
also attributed to isospin symmetry breaking effects not re-
lated to the meson mixing. Such an effect can be due to the

FIG. 1. Beam momentum dependence of the center of masgiffere_nt electromagne_tic interaction in the two compared
cross sections for thed— 3Her® () andpd—3H= (b) reactions ~ Outgoing channels. This, however, is expected to be rather
for the relative proton-pion angle of 180°, and the ratio of these twoSMall due to large relative energy of outgoing particles. An-
cross section&). Full dots represent the results of this experiment. Other effect may originate from the differences in the wave
Open circles in panel) and (b) show the cross section data from functions of®H and ®He nuclei. It may be as large as 10% as
Refs.[12—14. In panel(c) open circles represent the cross sectionestimated within the simple modgl9]. It may be, however,
ratio calculated using those results from Ré¢fs8,14, which were ~ expected that such effects in the narrow beam momentum
obtained at the same beam momenta. range will lead only to a constant shift of the cross sections
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hand, the experimental ratio of the cross sections contains a
systematical uncertainty of the relative acceptance determi-
nation. When comparing the model predictions to the experi-

mental results these two factors can be combined together
and treated as an overall normalization fadtomvhich mul-

0 tiplies the predictions. This leads to two free parametirs,

- and 6,,, necessary in the comparison of the model predic-
D) tions with the data. As shown in Fig(&, the y? value per
degree of freedomy?®/n with n=23) as a function of the two
parameters, the normalization factor and the mixing angle,

z16 ¢
1.4 F
1.2 [

reveals a clear minimum. This global minimum is found by
i fixing the value ofN and fitting the#,, value, which mini-
19502 o001~ o ool o0z mizes they?/n with n=4. Such procedure is repeated for

8,, [rad] several values of the normalization factéy resulting in the
dependence of?/n shown in Fig. 2b). The minimum is
FIG. 2. A contour plot of the values af per degree of freedom reached forN=1.15 and 6m=0.006+0.005 rad with the
as a function of the overall r:lormalizatiqn factdrand the lelng X2/n: 1.13, where the quoted error Corresponds to one stan-
angle ?_m @, afnd as$|;a) flImCt'O” l‘(’f)the f_|(tjt_edm fol_r Va”OfUS fixed  dard deviation. The present result is much smaller than that
normalization factor . In panel(a) equi Istant lines of constant H H + -
x?/n values are plotted; for clarity only for the three innermost Iines?eb;?t?oends[q%mlf r:se ri?ﬁé{sé?oir?: tﬁg 703\,2? Eogra r;)r:gdic-
Fhe values ofy? are indicated. For the procedure leading to the plottiOns of QCD based models. In order to improve the deter-
in panel(b) see text. mination of the mixing angle more data are required. Also a
more advanced model, which should include more sophisti-
ratio. Also a strong final state interaction between the intercated effects, will be necessary to draw a definite conclusion
mediate and the®He nucleus cannot be excluded. on the origin of isospin symmetry breaking. Such a model,
The simple model of Ref[7] does not contain all the based orK-matrix formalism, has been created by Green and
effects that may lead to a deviation of the cross sections ratitWycech[20]. Predictions based on that model might soon
from the isospin symmetry predicted value of 2. On the otheshed light on the isospin nonconserving nuclear dynamics.
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