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Abstract

A new isoscalar mr resonance AX(1565) has been observed at a mass of 1565+10
MeV/c? and a width of 170+£20 MeV/c?. The resonance is produced in pp annihilation
at rest into m*7~7° from P states of antiprotonic hydrogen atoms formed by stopping
antiprotons in hydrogen gas at normal temperature and pressure. Annihilation from P '
states is identified by coincident observation of the L X-ray series emitted in the cascade
of pp atoms. The resonance is seen as striking peak in the 7 "7~ invariant mass spectrum.
The phase of the 77~ D wave shows a resonance-like behaviour. Hence we assign the
quantum numbers J¢(JP9)=0*(2*") to the resonance.



We have observed a new resonance at a mass of (1565+10) MeV/c? and a width of
(170+20) MeV/c? decaying into #*7~. The resonance is produced in pp annihilation from P
states of antiprotonic hydrogen atoms into the final state #*7~#°. Initial and final states are
identified in a magnetic spectrometer which allows to detect low-energy X-rays emitted in the
cascade of pp atoms in coincidence with charged particles produced in the annihilation process.
The detector was designed [1] to allow identification of the initial [2] and the final [3] state in pp
annihilation at rest, since it was expected that the production of meson resonances with higher
spins should be enhanced in annihilation from P states [1]. This might have led to the chance
to observe narrow states which were predicted [4] when this experiment was initiated. However,
early searches for narrow resonances possibly produced in pp annihilation at rest yielded only
negative results, not only for annihilation from S states [5], but also for annihilation from P
states [6].

Changing the fraction of S wave and P wave annihilation for a particular final state is a
decisive new tool for finding the resonance reported here. Annihilation from S states is dominant
when antiprotons are stopped in liquid Hj {7]. These antiprotons form antiprotonic hydrogen
atoms which experience intense electric fields when colliding with neighbouring H, molecules.
This leads to a reshuffling of the populations of levels with different angular momenta, and
annihilation from S states is possible already in highly excited states [8]. This mechanism is
less effective in H, gas at normal temperature and pressure (NTP). The cascade process is
slower [9], radiative transitions to the low-lying atomic levels of the pp atoms become possible
[10], and annihilation from P states contributes significantly.

The fraction of S wave and P wave annihilation of antiprotons stopping in gaseous hydro-
gen at NTP was determined in this experiment. The branching ratios for pp annihilation into
K*K- and K°K° were measured in liquid H,, gaseous H, and in coincidence with radiative
transitions to the 2P levels of the antiprotonic hydrogen atoms[11]. These branching ratios
depend strongly on the fraction of S and P wave. In H; gas a (52.8+4.9)% fraction of P wave
annihilation was determined[11]. This fraction can be enhanced by selecting events in which a
low-energetic X-ray emitted in the cascade of the pp atom is detected in coincidence with the
final state. These X-rays are mostly L X-rays populating the 2P levels of the pp atom from
which annihilation is known [10] to prevail. Bremsstrahlung emitted by the sudden acceleration
of charged particles in the annihilation process is an unavoidable background. However, this
process can be calculated [12]. It leads to a (7+2)% contamination of the #*7~n° data sample
with annihilations from S states. '

For the present analysis we have taken 120 000 events of the type pp — m¥7~7°. Of these,
40000 were taken without requiring X-rays. We call these data p-GAS data. A sample of 80000
events were taken with a special trigger asking for X-ray candidates. The latter data sample
is scanned for detection of a true low-energy X-ray. This results in 19735 events called p-LX
data. From these two data sets we derive the dynamics of pp annihilation into #*7~7° from
S states and from P states. Details of the analysis method and the full results are given in
a forthcoming publication [13]. Here we present only those results which are related to the
observation of the new meson resonance.

The data were taken with the ASTERIX spectrometer [15] at the Low Energy Antiproton
Ring (LEAR) at CERN. A beam of 105 MeV/c antiprotons with an intensity of a few 10000
P/s traversed an entrance scintillator of 50 pm thickness defining a START signal. Nearly
all antiprotons stopped in a fiducial volume which was completely contained in the H, gas
target at NTP, 80 cm in length and 16 cm in diameter. The target was surrounded by a
X-ray drift chamber (XDC)[16] and separated from it by an aluminized mylar membrane of
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6 pm thickness. The XDC detected with a solid angle of ~90% of 47 X-rays associated with
antiprotons stopping in the H, target. The XDC was also used to track the innermost space
points of charged particles produced in pp annihilation.

The XDC was surrounded by seven cylindrical multiwire proportional chambers. Helical
cathode readout on five of these chambers allowed to reconstruct tracks of charged particles in
three dimensions. A magnetic field of 0.8 Tesla allowed to measure the momenta of charged
particles. For long tracks reaching one of the outermost chambers the momentum resolution of

the spectrometer was

ag.

;”- = [(0.042p)* + 0.023?]

1/2
)

pin GeV/c . (1)

Gammas were converted in a lead foil in front of the last two chambers and in lead foils at both
endplates of the solenoidal magnet. Gamma detection was not used for the present analysis.
For the present data a trigger on two long tracks was required which led to a momentum cut-off
at 100 MeV/c and reduced the geometrical acceptance for charged particles to 2w sr. However,
it allowed the best momentum resolution achievable with the ASTERIX detector.

Fig. 1 shows the missing mass squared distribution recoiling against two charged particles.
Peaks due to m%’s, n’s or w’s are seen which originate from the neutral decay modes of 7 or
w. The data were kinematically fitted to the #*m~7° hypothesis; events passing this fit with a
probability of more than 1% still contain a large fraction of background events. To reduce this
background, only events with a fit probability greater than 10% for the three pion hypothesis
are used in the following analysis. The probability distribution of the kinematical fit is shown
as an inset in Fig. 1. The background is estimated to be (8+4)%.

The Dalitz plot of the 19735 n*m~n° events observed in coincidence with a low-energy
X-ray (<4 keV) is shown in Fig. 2. Clear bands due to the production of charged and neutral
0(770) mesons and of f,(1270) mesons are seen. In addition, a weak band in the lower left
corner of the Dalitz plot is observed. The band corresponds to a peak in #*7~ mass spectrum
associated with pp annihilation from P states. A partial wave analysis of the Dalitz plot was
made by comparing the experimental Dalitz plot with a sum of Monte Carlo generated Dalitz
plots. These Dalitz plots describe annihilation from the three pp states with quantum numbers
35+1[,=1pP, 3P, and 3P, where S denotes the spin of the pp atom and J the total angular
momentum. (Annihilation into ntn~n° from the 3P, state is forbidden.) Each initial state
annihilates into 77~ 7° via interfering amplitudes. The amplitudes are defined as a product
of Clebsch-Gordan coefficients, of Zemach tensors [14] describing the angular distributions,
and, in case of resonances, of a dynamical factor, which is given by a relativistic Breit-Wigner

amplitude of the form

1

(E)% e ?

q me? — m?) — imol'(m)

(mo)

Mg, go are mass and decay momentum at the center of the resonance. Different functions p(m)
are used in the literature [15]. We find no significant differences and use p(m) = 1/m. Phase
space distributed Monte Carlo events were filled into Dalitz plots with the squared amplitudes
" as weights. The comparison between data and generated Dalitz plots was made by a x? test.
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The Dalitz plot was divided into 0.2 x 0.2 GeV?/c* mass squared bins and folded around the
diagonal in order to increase the statistics per cell.

Fig. 3 shows the #*7~ invariant mass spectrum. Apart from the ¢°(770) and the £,(1270)
there is clear evidence for a third peak which we call AX(1565). By fitting the spectrum with
two relativistic Breit-Wigner functions for the f,(1270) and the AX(1565) and a background
function we obtain mass and width of the AX(1565) :

M (1565 + 10) MeV/c’
I' = (170 £20) MeV/c?

The background function is obtained by a partial wave analysis of the low mass part of the
Dalitz plot (m?(r*7~)<0.8 GeV?/c*). We have investigated four possible origins which might
be responsible for this peak:

i) Background due to events pp — w¥w™n or mtn 7% passing the kinematical fit to the
ntw~7° hypothesis:

We have studied those events which pass the kinematical 7+~ 70 fit with a probability between
1% and 10%. These events fill preferentially the upper and the lower right corner of the Dalitz
plot for which the momentum of the faked 7° and one of the charged particles is high. The
region of high #*7~ invariant masses is nearly free of any background contamination. This is
confirmed by Monte Carlo simulations of events #*7~7 and 77~ x°7°. Hence the AX(1565)
is not produced by background events. ‘

it) Increase of acceptance at high m* 7~ invariant masses:

If two charged particles are emitted back to back, then the acceptance of our spectrometer is
50%: the detection of the first charged particle entails the geometrical acceptance of the second
track. For two uncorrelated pions, the acceptance of our 27 sr detector is, however, only 25%.
Hence the acceptance of the spectrometer is higher in the AX(1565) mass region than in the
0°(770) mass region. Of course, the acceptance can be taken into account by Monte Carlo
simulations; but the accuracy of the Monte Carlo simulations needs to be verified. We have
therefore fitted the Dalitz plot of the p-GAS data with the experimental Dalitz plot of p-LX
data and a superposition of Monte Carlo Dalitz plots simulating annihilations from S states.
The results of this fit, described in ref.[13], are the fraction of S and P wave annihilation, and
parameters describing annihilation from S states.

Annihilation into #*7~7° from S states had been studied more than 20 years ago in a
bubble chamber [17]. The process was described by annihilation from S states of the fp atom,
characterized by their quantum numbers J¢(J¥C). These are the isospin I, the G-parity, the
total spin J, the parity P and charge conjugation parity C. The following reaction modes were
considered:

pp (17(07%)) - 7#tr~n® phase space (3a)
— £,(1270)x° (1=2) (3b)
— o%(770)7¥ (I=1) (3¢)
pp (07(177)) — o*(770)n%, °(770)x° (1 =1) (4a)
— atr 0 phase space (4b)



The variable [ denotes the angular momentum between the dipion resonance and the third pion.
The amplitudes describing annihilation from one pp initial state were added coherently, those
describing annihilation from different pp initial states incoherently.

The same parametrization was used for our fit. In addition we imposed a background
Dalitz plot derived from events with low probability (1%-10%) under the #*7~#° hypothesis.
The results obtained in our experiment were compared to the bubble chamber results. All
amplitudes and phases determined in these two very different experiments agree within one"
standard deviation [13]. This shows that the detector acceptance and efficiency are described

correctly.
#i) Coherent interference of g% (770) and o~ (770) amplitudes:

The two amplitudes for production of charged ¢*(770) mesons interfere in the region of the
Dalitz plot in which the #*7~ invariant mass is high (Fig. 3). The interference increases the
number of events in parts of the Dalitz plot and may thus produce a peak in the neutral dipion
system. In order to check this hypothesis we have performed fits to the Dalitz plot using
amplitudes for the following reactions:

5 (0-(15°)) — o*(TT0)x%, L(T70)x° (1 =0) (52)
— 0% (770)7 ¥, p°(770)x° (1=2) (5b)
— rtr 0 phase space (5¢)
pp (17(1%7%)) — o*(770)7F (1=0) (6a)
— f5(1270)x° (t=1) (6b)
— atr 0 phase space (6¢)
5 (17(2+)) — o*(TT0)% (1=2) (7a)
— f2(1270)x° (t=1) (7b)
— rtr 0 phase space (7c)

Initial states with Isospin I = 0 allow annihilation into g°(770)x° while this reaction is forbidden
from I = 1 initial states. Note that the negative G parity of the 37 system fixes the isospin
component of a p atomic level since G = (—1)¥*5+!. In addition to these amplitudes from
which Monte Carlo Dalitz plots are constructed we imposed a Dalitz plot representing the 7%
of pp annihilations from S states and a Dalitz plot representing the background.

The result of the fit is presented in Fig. 4a by comparing the #* 7~ invariant mass spectrum
and the fit result (solid line). Obviously the description is rather poor in the high mass region; a
large fraction of the x? of 599 (for 266 degrees of freedom) is due to this mass region. Therefore
we have limited the fit to the region of the Dalitz plot for which the #*7~ invariant mass is
smaller than 1.31 GeV/c? and have extrapolated the fit into the high mass region (Fig. 4b).
This procedure is possible since the ratio of charged o*(770) and neutral ¢°(770) completely
defines the contributions of constructive and destructive interference between the two charged
0%(770) mesons; the contributions of g*(770) and ¢°(770) mesons can confidently be derived
from the reduced Dalitz plot. The extrapolation shows an additional count rate at high masses
wich is not accounted for by p interference effects. Fig. 4c shows the 77 invariant mass and
the result of the fit using the reduced Dalitz plot. The missing events are distributed over a
wide mass range and not concentrated at the p*(770) peak. A concentration of the missing
intensity at the peak of the o*(770) would be expected, if the peak at 1565 MeV/c? should
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originate from a wrong description of the ¢*(770) interference. We conclude that the AX(1565)
cannot be attributed to the p*—o~ interference.

w) Production of a new resonance:

We have tested the hypothesis that the AX(1565) is a genuine resonance. In this case it must
be isoscalar since charged partners are not observed. If it would be an isovector resonance,
the charged partners would need to be produced with the same rate as the AX(1565); a [=2
resonance would decay into charged and neutral dipions with a ratio of 3/4. Both hypotheses
are incompatible with Fig. 4c. Hence its quantum numbers are even (0**, 2% 4+ )
Selection rules then limit the possible annihilation modes in which the resonance is produced
to the following reactions:

If the AX(1565) is J = 2:

pp (17(1*%)) - AX(1565)x°
pp (17(2%%)) —» AX(1565)n°

If the AX(1565) is J = 0:

5p (17 (1*)) — AX(1565)n° (1=1) (6d')

To test the resonance interpretation and to determine the spin of the AX(1565) we defined
eight mass squared strips in the Dalitz plot, from 2.1 to 3.0 Gev?/c* and with a width of
0.2 Gev?/c*. Overlapping strips were chosen since the statistics per strip is rather low. We
used these strips for eight consecutive fits in which the data of the reduced Dalitz plot (with
m?(m*n~) < 1.7 GeV?/c*) and those of one mass strip were fitted. For these fits we used fixed
amplitudes defined by the fit on the reduced Dalitz plot, and one complex amplitude to describe
the AX(1565) in one mass bin. The complex amplitude was alternatively chosen to describe a °
0** or 2** angular distribution. The modulus of the amplitude and the phase were allowed
to adjust themself to describe the extra intensity in Fig. 4b. This phase as a function of the
7T~ invariant mass is shown in Fig. 5a,b. for both hypotheses. The solid lines represent the
phase motions which would be expected from a #* 7~ resonance at a mass of 1565 MeV/c? and
a width of 170 MeV/c?. The 0** hypothesis does not show a resonance-like behaviour. A fit
to the data with one parameter, the offset of the phase, gives a x? of 74.4 for 7 d.o.f.. The 2*++
hypothesis is fully compatible with a resonance interpretation (x?/d.o.f.=8.2/7).

We conclude that the AX(1565) represents a true resonance which should be taken into
account as a normal Breit Wigner resonance for the final fit. The phase shift analysis suggests
strongly that the AX(1565) is J = 2. However, the angular distribution (Fig. 6f) does not allow
to determine the spin unambiguously because of strong distortions by the p*-p~ interference.
Notice that there is no evidence for the AX(1565) in pp annihilation from S states of the pp
atom. Figure 4d shows the "7 invariant mass spectrum of the p-GAS data which contains
approximately 50% of S wave annihilation. The AX(1565) peak is suppressed by about a factor
of two. Also, there was no evidence for the AX(1565) in the bubble chamber data [17].

The final partial wave analysis was performed using amplitudes for reactions (5-7,a-d),
with JP¢=2%+ for the AX(1565). The results of the fit are compared to the experimental
data in Fig. 6a-f. Mass distributions and angular distributions are reasonably well described



by the fit. The x? is now 427. This is still rather high but an improvement by 167 x? units in
comparison to the fit without the AX(1565). The main reasons for the still too large x? are the
poor description of the ¢°(770) produced from the 0~ (1*~) fp atomic state. Its mass appears to
be shifted to higher masses, an effect which is not accounted for by the amplitudes (6). The fit
is, however, good in the high mass region. The absolute branching ratio for pp — 7°AX(1565),
AX(1565) — 7w~ is (3.7 £0.6)-1072.

If the AX(1565) is assumed to have spin zero (amphtude (6e)) the x? increases by 35
units to 462. This x? difference does not allow to establish firmly the spin of the AX(1565),
even though JP¢=2%% is deduced from the phase motions.

There are two more arguments, favouring a JZ¢= 2+* over 0** for the AX(1565): The
first argument is the similarity of the production mechanisms for the f,(1270) and the AX(1565).
The f£,(1270) is produced very weakly from the 17(07") pp initial state, strongly produced
from the 17(1*+) state, and some production is observed from the 17(2**) initial state. The
AX(1565) follows the same pattern, no production from 17(07*), some production from 17(277)
and strong production from 17(1**) pp atomic state. This agreement favours a 2** interpre-
tation of the AX(1565). The second argument is based on the nonobservation of the AX(1565)
in the bubble chamber and in our data on S wave annihilation: a 0™t resonance should be pro-
duced from the 17(0~*) initial state without centrifugal barrier. Its nonobservation is therefore
an argument against a 0t assignment.

In summary we conclude that a JP¢= 2*+ assignment is fully compatible with the data
and strongly favoured by the phase motion and by arguments ba.sed on angular momentum
barrier factors in pp annihilation at rest.

The AX(1565) does not fit into one of the qq nonets. The strong production rate of the
AX(1565) and the weak production rates for established s§ resonances like the ® excludes an
interpretation of the AX(1565) as f'(1525), since the f/(1525) would need to be produced with
a branching ratio of more than 50% in pp annihilation. If the AX(1565) is a qg meson, it would
therefore be a radial excitation. The possible assignments are listed in Table 1. We use the
spectroscopic notation: 25+!L;, where S is the spin of the q§ system, L the intrinsic orbital
angular momentum and J the total angular momentum of the resonance. The theoretical’
masses in Table 1 are calculated by Isgur and Weinstein [18] using a relativistic potential
model. The overall agreement of their calculated masses with experimental data is very good.
The experimental masses are taken from the Particle Data Group [19]. The assignment of
the f,(1810) as 23P; or 13F, q state is likely but not established. In any case the predicted
masses of the 23P, or 13 F, states are much too high to allow identification with the AX(1565).
A qg interpretation for the AX(1565) would also be unlikely, if the spin of the AX(1565) is
0++. It might then be the f5(1590) observed in high-energy pion-proton scattering [20]. This
possibility could be tested by searching for its 71 and 77’ decay modes in the forthcoming
Crystal Barrel experiment [21] at LEAR.

The AX(1565) has not been observed in reactions which are often considered to be "rich
in glueballs” like radiative J/¥ decay [22] or central production at high energies (23]. However,
it may have been seen in pn annihilations into #*7~7~ and pp annihilations into mOmor0 [24].
In both reactions a structure appears at a mass of 1525 MeV/c? and a width of 100 ’VIeV/c
The authors show that the resonance cannot be the f,’(1525). But it might be the AX(1565).
Note that no fit of the Dalitz plot has been made in [24], and the background is introduced
as a phenomenological function. Also the f,(1270) is seen strongly, at least in pn — rtr n~,
confirming the similar production mechanisms for the f(1270) and the AX(1565).

The AX(1565) is produced strongly in NN annihilation. Its production rate in pp anni-



hilation from P states is higher than the production rate of p°(770), taking into account that
the AX(1565) decays also in 7%7° and possibly into other final states. It is neither the f3(1525)
nor a radial excitation of the f;(1270). It is not produced in ”glueball - rich” reactions. We
therefore conjecture that the AX(1565) is a multiquark state, qqgq or NN.
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Table

Meson | Calc. Mass | Exp. Mass
MeV/c? MeV/c?
18] [19]
1%P, 1270 1270
23pP, 1820 1810 (7)
13F, 2050 -

Table 1: Comparison of calculated and observed masses of isoscalar tensor mesons.
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Figure 2: Dalitz plot of 19735 w7~ 7% events observed in coincidence with a low-energy X-ray.

13



320 I - ,(1270)

:,n'm
|

AX(1565)

"l

N
»
o

0(770) “{'

20 - ] ||

l
o

Iy
i

| llll ll |
y ,,In’,'m"ll | |

o]
o

[events / 10 MeV]

0
o

o

0 . l | l l
0.2 0.4 0.6 0.8 1. 1.2 1.4 1.6

inv.mass (n'n”) [GeV]

14



320 t
280
240
200 t
160 ¢
120 ¢
80 r
40 ¢

280
240 |
200
160 ¢t
120
80 ¢t
40 ¢t

500 ¢
400
300 ¢t
200
100

700 ¢
600
500
400
300
200 ¢
100

INV- MAss

Figure 4: Results of the Dalitz plot fits: a) #*7~ invariant mass, fit without AX(1565)._ b)
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Figure 5: Phase motion of the AX(1565).
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Figure 6: Dalitz plot fit results with AX(1565) 2*++.
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