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Abstract. A search for the decays Y—-p7n, Y->J/y X
and Y—vya (where X is undetermined and a is an
axion) has been completed using the LENA detector
at the DORIS storage ring. No evidence for any of
these processes was found. For these decay modes
we set branching fraction upper limits (907, C.L.) of
21x1073,20%x1072 and 9.1 x 10~* respectively.

1. Introduction

We report on a search for three channels in the
decay of the Y'(1S) using the non-magnetic LENA
detector at the e e~ storage ring DORIS. The
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Y(15) and Y(2S) were discovered in proton nucleon
interactions [1]. Further information regarding the
Y family has been obtained from measurements at
the et e~ storage rings DORIS [2] and CESR [3]
where Y states have been observed as peaks in the
total hadronic cross section. We have previously re-
ported global properties of the final states occurring
in Y(15) and Y(2S) decays in terms of the sphericity
[4], the thrust [5] and the charged multiplicity [5]
and the angular distribution of the thrust axis [5].
In this work we present the results of a search for
the decays Y(18)—p°n° Y(1S)—ya (where a is an
axion) and the inclusive decay Y (18)—J/ X where
X is undetermined. We have seen no conclusive
evidence for any of these processes, but are able to
place 90% confidence level upper limits on their
branching fractions.

We proceed in the following way. In Sect.2 we
describe our apparatus and data samples. Section3
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deals with the prn decay. We discuss in Sect.4 the
search for inclusive J/iy decay of the Y(1S) and in
Sect.5 the search for Y(1S) decay into a single pho-
ton plus an axion. We will use the symbol Y to
denote the Y'(15) state throughout the remainder of
this text.

2. Apparatus and Data Samples

The LENA detector has been described in detail in
previous publications [6, 7]. In short, it consists of
an inner track detector to measure the direction of
charged particles and a segmented shower detector
which allows the measurement of the energy of elec-
trons and photons as well as their direction.

Data relevant to this experiment were taken at
DORIS in 1979-1980. The integrated luminosity was
determined from Bhabha scattering events. We accu-
mulated 701 £6nb~! at center of mass energies be-
tween 9.45 and 9.47 GeV and 1,199 +7 nb~! between
7.35 and 9.43 GeV. We have used the latter to in-
vestigate background processes.

We previously determined the total number of ¥
mesons produced in this experiment when we mea-
sured the leptonic and total widths [8] of the Y. In
this work we modify the number of Y produced by
using the world average value of B(Y—pu* u7)
=0.033 +0.005 [8]. Our Y sample then contains
(7,100 +210) decays.

3.Y—p°n®

Our motivation in searching for the process
Y—p®n® is due to the fact that pm is one of the
largest branching fractions in the hadronic decay of
the Jiy (BR={1.2+0.1)%) [9]. We expect that the
branching fraction B(Y—pn) is smaller than
B(J/yr—pm) because of the greater phase space
available in Y decay. The decay Y— p°n° should
appear in our detector as two charged tracks op-
posite a cluster of neutral energy roughly equal to
the beam energy. Due to the angular resolution of
our energy detector we cannot resolve the 7° decay
into two separate photons. The opening angle of the
7" n~ pair is kinematically restricted to be less than
approximately 50° and the distribution of opening
angles peaks sharply near 20° [10].

The following selections were made to our data.
Each event was required to have exactly two char-
ged particles reconstructed in the inner detector. The
opening angle between the charged particles was
required to be less than 30° The total energy de-
posited in the energy detector was required to be

greater than 2.5 GeV and less than 5 energy clusters
were required. We also required that the cluster with
the maximum energy contain at least 2GeV and
that it be collinear with the average direction of the
two charged particles within approximately 70°.
(This very wide cut is due, in part, to the poor
angular segmentation of the energy detector. It is
also a consequence of the fact that we measure only
the directions of the charged pions and not their
momenta. This introduces an uncertainty in the mo-
mentum direction of the p). In addition, because
edge blocks of the detector do not completely con-
tain showers of this energy, we required that at least
one half of the energy of the shower be in interior
blocks. Finally, we required that there be no signal
in the muon detector correlated with either charged
track.

In 701 nb~! of data taken at the Y resonance, we
observed 5 events consistent with these selection cri-
teria. We also observed 5 events in the 1,199 nb ! of
data taken in the continuum which we use here as a
background sample. The distribution of the opening
angle between the charged particles for both the ¥
and background data are shown in Figs. la, b. We
obtained a background substracted distribution by
normalizing the luminosity of the continuum data to
that of the data taken at the Y and then subtracting.
The result of this procedure is shown in Fig. 1¢c. We
observe an excess of three events with opening angle
cosines between 0.98 and 1.0. In Fig. 1d we show the
distribution of the cosine of the opening angle pro-
duced by our Monte Carlo program which simulates
the angular resolution of the drift chambers. The
three events are consistent with originating from the
process Y'—p°n® but this is unlikely since each
event is observed to have an opening angle which
should be seen in our detector only 4 % of the time.
Since the probability that all three events are due to
Y decay is less than 107% we reject them from
further consideration.

We estimated an upper limit on the branching
fraction for Y — p°n° by considering the events with
opening angle cosines less than 0.98. In this region
we observe —1.442.0 events. If we assume a Gauss-
ian probability distribution of events and normal-
ize the positive part of the probability distribution
to unity, we obtain a 90% confidence level estimate
that less than 2.6 events should have this opening
angle. By Monte Carlo simulation we determined
the efficiency for detection of the p°z° to be 52%.
Thus, we determine that the Y—zn°p° branching
fraction is less than 6.9x10-% and from isospin
conservation we deduce that the Y — p= branching
fraction is less than 2.1 x 1073 (90% C.L.) where we
have included allowances for systematic uncertain-
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Fig.1a-d. Search for the exclusive channel p°z° p°—=*n~ in
events with 2 charged tracks and 1 opposite neutral energy clus-
ter. § is the opening angle of the 2 charged tracks. a The cos §
distribution observed in the data taken at the Y(1S) resonance. b
The cos § distribution observed in the data taken at CM energies
below the Y(1S). ¢ The background subtracted cos 3 distribution.
The background events from (b) have been weighted by the ratio
of the luminosities of the signal and background data samples. d
The expected cos 3 distribution including the effects of detector
resolution determined by Monte Carlo simulation

ties in the luminosity and the total number of Y
mesons produced.

The quantity Z=I'(Y - pr) [(Jy—3g)/T(Y—3g)
-T'(Jpy —pm), where 3g is a final state mediated by
three gluons, has been predicted theoretically [11]
using dimensional counting rules [12] to be on the
order of (M,,,/My)°~12x1073. Using the world
average values of B(Y—utu7)=0.033+0.005 [8],
B(J/y—ut p7)=0.07+0.01 [13], taking R (the ratio
of the total hadronic cross section to the u* p~
cross section) to be 3.5+04 (world average) at
9.46 GeV [7] and 2.540.25 at 3.1 GeV [14], we de-
termine Z <0.16 (909, C.L.) This upper limit is well
above theoretical expectations.

4 Y->JIX

We have searched for inclusive J/i production in I’
decay by looking for hadronic events containing

et e pairs having an invariant mass equal to that
of the JAy. Our data sample consists of the same
701 nb~! of data taken on the Y resonance that
were used in the search for the p®7z° decay channel.

The sample of hadronic events was selected with
the following requirements [5]:

» Three or more charged tracks were reconstructed
using the drift chamber information of the inner
detector.

+ At least 1.8 GeV was deposited in the energy
detector.

« Not all the energy was deposited in one half of
the detector.

The events which met these criteria were all visually
scanned by physicists to remove any obvious beam
gas, Bhabha scattering, or cosmic ray events.

All two particle invariant masses were formed
for events within the hadronic data sample if the
energy deposited in the energy detector correlated
with a drift chamber track and exceeded 400 MeV.
The invariant masses were calculated using the en-
ergy information and treating all tracks as due to
electrons or positrons. Because of the finite thickness
of our energy detector, we adjusted the measured
energy of each cluster by estimating that fraction of
the cluster energy which was not contained in our
Nal and leads glass blocks. A shower normally ex-
tends into two or three counters of the energy de-
tector. We made use of the universal transition
curve of Nagel [15]:

1 dE_ 421
E,dX InE,

exp(—1.89 X/InE,)

where E, (in MeV) is the incident energy of the
showering particle and X is the thickness of the
absorber measured in radiation lengths. We integ-
rated this formula from X, (the thickness of the
energy detector along the line of flight of the par-
ticle) to infinity to obtain the cluster energy not
contained as a function of the incident particle en-
ergy. We then iterated this formula to determine a
mean estimate of the true incident energy of the
particle since we knew only the measured energy.

The resultant invariant mass distribution is
shown in Fig. 2. There is no apparent structure vis-
ible at the J/y mass. We have subtracted the back-
ground by forming invariant mass combinations
using pairs of tracks which come from different
events. The background subtracted invariant mass
distribution is shown in Fig. 2.

To determine an upper limit on the number of
J/W's detected, we fit the background subtracted in-
variant mass spectrum to a Gaussian distribution
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Fig.2. a The two particle invariant mass distribution. Each par-
ticle was assigned the mass of an electron. b The two particle
invariant mass distribution after background subtraction. The
errors shown are statistical ~

with a center fixed at the J/\y mass plus a constant
background. The width was determined by Monte
Carlo simulation. We normalized to the sum of all
the events in the background subtracted invariant
mass spectrum. The result of this fit was that less
than 5 events were observed (909 C.L.). Through
Monte Carlo simulation we also determined our
detection efficiency to be (50410)%,. The uncer-
tainty is due to the dependence of the detection
efficiency on the invariant mass of the system recoil-
ing against the J/. If we consider the most con-
servative case where the detection efficiency is 0.4,
we obtain 2.0% as upper limit for the branching
fraction of for Y—»J/y X.

By making a model dependent assumption about
the nature of the Y decay we are able to determine a
more restrictive upper limit on this branching frac-
tion. It has been proposed by Fritzsch and Streng
[16] that the recoil system opposite the J/iy should
be predominantly of low invariant mass. We have fit
all two particle invariant masses to the J/iy mass
using a %* minimization technique which assumes
that the production angles of the two tracks are well
known, so that the error in the invariant mass is
entirely due to mismeasurement of the lepton energy
alone. In calculating the x> we assumed that the

energy resolution in our detector varies as ]/E
where E is the energy of the incident particle. Using
the recoil mass distribution of Fritzsch and Streng
and requiring that the recoil mass observed be less
than 5.5 GeV/c? and that the y* per degree of free-
dom of the fit to the J/i be less than 10, we exclude
all our data from the possibility of Y decay into a
J/W. We therefore determine the upper limit (90 %,
C.L) for the branching fraction for Y—J//X to be
less than 1.29%. This result can be compared to
theoretical predictions [16, 17] which estimate that
B(Y=J/ X)~(1-2)%. Theoretical calculations con-
tain a substantial uncertainty arising from a lack of
knowledge of what proportion of the ¢ quark pairs
produced are in resonant states such as the J/i. Our
result does not invalidate these calculations, but it
does place a constraint on the amount of J/iy for-
mation within the ¢ system.

5. Y=y + Axion

The axion is a neutral pseudo-scalar boson which
has been postulated [18, 19] as a result of the Pec-
cei-Quinn solution [20] to the problem [21] of pa-
rity conservation and time reversal invariance in
strong interactions. The axion is expected [19, 22-
25] to have a mass on the order of a few hundred
keV, and it should couple weakly [18] to quarks and
charged leptons with a coupling constant of
2Y4Gy2m). for u, ¢, and ¢ quarks, and 2Y*G}/%m/2
for d, s, and b quarks and charged leptons. Here, m
is the mass of the quark or lepton and the parame-
ter 4 is the ratio of the vacuum expectation values
acquired by the two Higgs doublets in the standard
axion theory.

One of the least model dependent ways to search
for axions is in the decay of the JAy or Y to an
axion plus a photon. The axion is expected to decay
primarily into two photons [22] and to have a life-
time on the order of (100keV/m,)’s. Therefore, we
have searched for events in the LENA detector
where we observe only the photon from the direct
decay of the Y while the axion escapes unobserved.
We required the events to have no cosmic or muon
counter signal, no drift chamber signals, and exactly
one photon which had a measured energy close to
the beam energy. This photon was required to de-
posit at least one half of its energy in blocks other
than those which are on the edges of the detector.

To determine the range of energies allowed for
the observed photon, we used electrons and po-
sitrons from Bhabha events produced on the Y reso-
nance and we determined the mean energy depo-
sition per particle and the variance of the energy
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deposition as a function of solid angle in our de-
tector. We were then able to calculate the probabili-
ty that a photon of a given measured energy ac-
tually had an energy equal to one half the Y mass.
We required that this probability be greater than
5%.

No events were observed which satisfied these
selection criteria. We determined the detection ef-
ficiency [26] for the process Y—ya by Monte Carlo
simulation to be 569%. The trigger efficiency was
determined by comparing our observed yield of
et e~ —yy events in the same data sample with the
number of events predicted by QED. After correct-
ing for the detection efficiency of the two photon
events, we conclude that the probability that a single
photon with an energy equal to one half the Y mass
triggers the detector is 65 . Since we have found no
evidence for Y—ya, we calculate a 909, confidence
level upper limit for the branching ratio to be
B(Y—>ya)<9.3x 1074,

It has recently been reported [27] by the Crystal
Ball Collaboration that B(J/y—ya)<1.4x10~3
(90% C.L). This result puts a lower bound on
B(Y=ya). Following the suggestion of Porter and
Konigsmann [28] we determine the unexcluded
range of B(Y—ya). In the standard model [19] the
axion and p pair branching fractions in Y decay are
related by:

B(Y—ya) _ Gpmy
B(Y-pu™pu™) V2rol?

where m, is the b quark mass and « is 1/137. A
similar expression describes the ratio of axion to yu
pair production in J/y production when m, is sub-
stituted for m, and 1/A% is replaced by A*. Multiply-
ing these two expressions and evaluating them using
m. =15 GeV/c?, m,=47 GeV/c*, BUJy—u* u™)
=0.07+0.01 [13] and B(Y-u*p~)=0.033+0.005
[8] imposes the lower limit on B(Y —ya) of 9.2 x 10~ *.
If we ignore uncertainties due to quark masses and
uncertainties in the Jiy—-ptu~ and Youtpu~
branching fractions, the Crystal Ball and LENA re-
sults together exclude the existence of an axion with-
in the standard model [29].

6. Conclusions

Table 1 summarizes the results of our search for
specific decay modes of the Y. It lists the 909, con-
fidence level upper limits for Y decays into the three
decay modes we have investigated, the detector ac-
ceptance for each decay mode, and the 90%; con-

Table 1. Branching Fraction Upper Limits for Y- px, J/¢ X, and
ya

Decay mode Limit on number Detector Branching fraction

events observed accep- upper limit

(90%C.L) tance 90%C.L)
Y—-pn 2.6 52% 21x10°3
Y—=Jn X 5.0 50% 20x10-2
Y-vya 23 36% 93x10-%
Integrated luminosity 701+ 6nb~?
Total number of ¥ produced 7,1004-210

fidence level upper limit on the number of events
observed in each individual mode.

The existence of the axion is almost ruled out
within the standard model due to the complemen-
tary nature of our data and that from the Crystal
Ball experiment. The upper limit we determine on
the Y-J/yX branching fraction approximately
equals theoretical expectations, and if these es-
timates are correct we expect that inclusive pro-
duction of the J/y in Y decays should soon be
visible in experiments at the DORIS and CESR
et e~ storage rings. The Y—pn branching fraction is
at least a factor of 10 smaller in Y decays than the
corresponding fraction in J/y decays. The upper
limit we have determined is well above theoretical
expectations.

Acknowledgements. We are indebted to the DORIS storage ring
group, in particular to Dr. K. Wille, for its efforts in support of
our experiment, Qur thanks is also given to the DESY-Heidel-
berg group which built the detector. The non-DESY members of
the collaboration thank the DESY directorate for its hospitality.
BN, Z.J, T.Z, G.A. and A.A. thank the DESY directorate for
financial support. Finally, we thank our technicians and summer
students for their help.

References

1. SSW. Herb et al.: Phys. Rev. Lett. 39, 252 (1977); W.R. Innes
et al.: Phys. Rev. Lett. 39, 1240 (1977)

2. D-HH-HD-M Collab., J.K. Bienlein et al.: Phys. Lett. 78B,
360 (1978); DASP-II Collab, C.W. Darden et al.: Phys. Lett.
78B, 364 (1978); PLUTO Collab., Ch. Berger et al.: Phys.
Lett. 76B, 243 (1978); DASP-II Collab., C.W. Darden et al.:
Phys. Lett. 76B, 246 (1978)

3, CLEO Collab,, D. Andrews et al.: Phys. Rev. Lett. 44, 1108
(1980); CUSB Collab., T. Bohringer et al.: Phys. Rev. Lett. 44,
1111 (1980)

4. F. Messing: Proceedings of the XXth International Confer-
ence on High Energy Physics - 1980, Madison, pp. 696; ed. L.
Durand, G. Pondrom. New York: AIP 1981

5. LENA Collab, B. Niczyporuketal.: Z. Phys. C - Particles
and Fields 9, 1 (1981)



202

6

11

13.
14.

15.

16
17

18

. W. Bartel et al.: Phys. Lett. 64 B, 483 (1976); W. Barteletal :
Phys. Lett. 77 B, 331 (1978); J. Heintze, A.H. Walenta: Nucl.
Instr. 111, 461 (1973); AH. Walenta: IEEE Trans. Nucl. Sci.
22, 251 (1975); See also [5]

. LENA Collab., B. Niczyporuketal.: Z. Phys. C - Particles
and Fields 15, 299 (1982)

. LENA Collab,, B. Niczyporuk etal.: Phys. Rev. Lett. 46, 92
(1981)

. Wotld average value from Particle Data Table, N. Barash-
Schmidt et al.: Rev. Mod. Phys. 52, No. 2, Part II (1980)

. Due to the p width, the opening angle has long tails, but
more than 99.99, of all p decays will have opening angles less
than 50°

. 8.J. Brodsky, G.P. Lepage: Proceedings of the Conference an
High Energy Physics with Polarized Beams and Polarized
Targets, Lausanne, pp. 169; ed. C. Joseph, J. Soffer. Basel, 1980

. S.J. Brodsky, G.P. Farrar: Phys. Rev. Lett. 31, 1153 (1973);

S.J. Brodsky, G.P. Farrar,: Phys. Rev. D11, 1309 (1975); V.A.

Matveev, RM. Muradyan, AN. Tavkhelidze: Lett. Nuovo

Cimento 7, 719 (1973)

AM. Boyarskietal.: Phys. Rev. Lett. 34, 1357 (1975)

PLUTO Collab, J. Burmesteretal.: Phys. Lett. 66B, 395

(1977); DASP Collab,, R. Brandelik et al.: Phys. Lett. 76B, 361

(1978); J. Kirkby et al.: Proceedings of the SLAC Summer In-

stitute on Particle Physics; ed. M. Zipf, SLAC report SLAC-

215 (1978); J.L. Siegrist et al.: Phys. Rev. D 26, 969 (1982)

H.-H. Nagel: Z. Physik 186, 319 (1965)

. H. Fritzsch, K.-H. Streng: Phys. Lett. 77B, 299 (1978)

. R. Barbieri, M. Caffo, E. Remiddi: Phys. Lett. 83B, 345
(1979)

. S. Weinberg: Phys. Rev. Lett. 40, 223 (1978)

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

B. Niczyporuk et al.: Experimental Upper Limits for Hadronic and Axion Decays of the Y(185)

F. Wilczek: Phys. Rev. Lett. 40, 279 (1978)

R.D. Peccei, H.R. Quinn: Phys. Rev. Lett. 38, 1440 (1977);
R.D. Peccei, H.R. Quinn: Phys. Rev. D 16, 1791 (1977)

G.’t Hooft: Phys. Rev. Lett. 37, 8 (1976); G.’t Hooft: Phys.
Rev. D 14, 3432 (1976); C.G. Callan, R.F. Dashen, D.J. Gross:
Phys. Lett. 63 B, 334 (1976); R. Jackiw, C. Rebbi: Phys. Rev.
Lett. 37, 172 (1976)

W.A. Bardeen, S.-H.H. Tye: Phys. Lett. 74 B, 229 (1978)

J. Kandaswamy, P. Salomonson, J. Schechter: Phys. Rev.
D 17, 3051 (1978)

Astrophysical limits on the axion mass come from K. Sato:
Prog. Theor. Phys. 60, 1942 (1978); D.A. Dicusetal.: Phys.
Rev. D 18, 1829 (1978)

If the mass of the axion was above [ MeV/c?, it could also
decay into e* e~ pairs, This possibility has been excluded by
the experimental results of H. Faissner et al.: Phys. Lett. 96 B,
201 (1980)

The detection efficiency is somewhat less than the actual solid
angle coverage of the energy detector because we excluded the
edge regions of our detector from this analysis. Additionally,
photon conversion in the beam pipe or in the inner detector
before the second drift chamber layer also caused the re-
jection of the events since it simulated the presence of a
charged track

C. Edwards et al.: Phys. Rev. Lett. 48, 903 (1982)

F.C. Porter, K.C. Konigsmann: Caltech preprint CALT-68-
860 (1981)

Preliminary results on the decay Y'—>vya from the CUSB and
CLEO groups have been reported at the XXIst International
Conference on High Energy Physics (Paris, 1982)



