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Abstract

The Crzstal Ball Detector at DORIS II was used to study radiative decays of the T(25) res-
onange with more than twice the previously available data. The inclusive photon spectrum of
hadronic T(28) decays and the exclusive channel T(25) — 4 T(1S) — 4y £* £~ were analysed.
In uhe inclusive spectrum three significant photon lines at energies of Eyy = (108.2+0.7 £ 4)
MeV, By = (127.1 £ 0.8+ 4) M=V and Ey3 = (160.0 1 2.4.44) MeV with branching fractions
of (6.0 0.7 + 0.9)%, (6.6 £ 0.8 £ 1.0)%, (2.6 X 0.7 & 0.8)% respectively were measured. The
lines are consistent with being transitions from the T(25) to the 3F;,> Py and P, states. In
addition a line at Ey ~427 MeV was observed which is' interpreted as transjtions from the
3P, states to the T(1S).
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1. Introduction

The T resonance family is a system of bound b6 quarks. Heavy quarkonia systems can be
described with the belp of potential models?. The first excited state, the T(25), can decay
radiatively through the emission of a photon to the 3Py states (also cal'ed y, states). The P
states then decay into hadrons or emit a second photon in making the transition to the T(1S)
ground state. These cascade process are indicated in Fig. 1. The decays are assumed to be
electric dipole in nature (E1). Observation of monochromatic photon lines from the T(25) is a
signature for these decays. The measurement of the masses of the SP; states and the various
photon decay rates can be compared with theoretical predictions. The center of gravity of
the x; lines will test the short range (~ 0.5 fm) behavior of the inter-quark poteatial. The
splitting of the states gives information on the spin-erbit interaction terms and tensor forces
of the model. Although the b5 system is much less relativistic than the charmonium system
(8% ~ 0.08, 5% ~ 0.25) it should also be possible to test for relativistic effects.
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Fig. 1. The level scheme for b bound
states below the T(25}. The transi-
tions to the y), states are electric mul-
tipole. Transitions to the g states
are magnetic multipele and hence sup-
pressed in comparison to the electric

The Crystal Ball has been taking data on the Ti(2S) resonance at the DORIS storage ring

st DESY since Summer 1982 to study these transitions. The rcsults presented in this report
are based on ~ 2 - 105 Y{25) decays recorded between Fall 1982 and February 1984,

A schematic drawing of the Crystal Ball as it is installed at DORIS is shown in Fig. 2.
A detailed description of the detector can be found elsewhere™. Therefore, only a brief
reiteration of the features relevant to this analysis will be given here. The iaajor component
of the detector is a spherical shell of 672 Nal(TI) crystals, each 16 radiation lengths deep.
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They cover 93% of the full solid angle. 'The energy resclution for electromagnetically inter-
acting particles is

o(E) = 24— 28%

E EVA( GeV)

with an angular resolution of 30-50 mrad. Directions of charged particles are measured by
three double Isyers of proportiona] tube chambers with charge division readout. The energy
distribution of charged hadrons peaks around 210 MeV due to non-interacting minimum
ionizing particles with a long tail to higher energies caused by nuclear interactions. As there
is no magnetic field, momentum measurement of charged particles is not pessible,

CRYSTAL BALL
NaT(T2)

\\
.

Mini- g
Quadrupole

Luminosity et 1 (e
o Monitor wa?

Fig. 2. The Crystal Ball Detector at DORISIIL.

The excellent energy resolution for photons over the large solid angle make the Crystal
Ball very well suited to study radiative T(25) decays. This is done in two different ways:

1. Through the exclusive channel
T(25) — 3P,

|-—~ 1T(1S)
|—. ot

where all decay products are measured (€¥¢~ is a p* ™ or ¢te™ pair). The exclusive
cascades allow a clean measurement of the event but will have rather limited statistics
because of the small T(1S) — £+~ branching ratio.

2. Through the inclusive reaction
T(28) — « + hadrons

where one is looking for monochromatic 4 lines in the mclusive photon spectrum. The
inclusive reaction has a much higher efficiency, but will suffer from high backgrounds.
These backgrounds are caused by uon-resonance decays, photons from x° decsys and




charged particles, escaping detection by the tracking chambers. Also, there are photon Josses
due to overlapping tracks in the high muitiplicities of events at these energies.

The complexity of events in the inclusive hadronic sample requires a very involved, time
consuming analysis technique. ‘The results of the inclusive analysis presented here correspond
to about 3/4 of the total T(2S) sample on tape. Because of the rather simple event topology
in the exclusive channel, we are able to include the full data sample for this report. The useful
luminosities and the number of T(2S) decays for both analyses can be found in Table 1.

Table 1
Data Samples used in the Exclusive Cascrde Analysis and
Inclusive Photon Analysis of T(25) decays.

I Lat Number of
T(2S) decays
Exclusive Analysis | ~845p6~1 | (200415)-10%
Inclusive Analysis ~403pb~1 | (151£10)-10°

2. Exclusive Cascade Analysis

First, we shall focus on the exclusive analysis. The four stages of the event selection for
this process are outlined below:

1. As a first. step in the analysis events with the desired topology are < iected: a total
pumber of four particles in the ball within jeosf;| < 0.85, where 8; is the segle of the
particle with respect to the beam. Two of the four particles, the lepton candidates,
have to be emitted nearly back-to-back (8;; > 1607, where ©;; is the angle between
two particles).

2. Each of the particles forming the back-to-back pair must satisly the condition E > 3000
MeV (for electron candidates) or deposit an energy between 180 MeV < E < 300 MeV
in a smal) pumber of crystals(<4). The latter is typical for muons. For events surviving
tbese culs we plot in Fig. 3 the mass recoiling against the two pboton candidates. The
distribution sbows a very clean peak around the T(1S) mass. It is a good indication
that indeed we see photon transitions from the T(25) to the T(1S) ground state.

3. The background in Fig. 3 can be reduced by requiring that the charged lepton pair
gets recognized as such by the chambers and that none of the tracks may overlap with
each other. This is to ensure 8 clean measurement of the photin energies.

4. The surviving events are fitted to the hypothesis ete™ — 47¢+¢". For the electron
chanpel this is a four constraint fit {4C}, since the four-momenta of sll fina} state
particles are measured. In the ptu~ chennel only the muon directions but not their

! energies are measured, resulting in a two constraint fit (2C). The fit does not use a
constraint on the T(1S) mass for the £*¢~ pair. Events are rejected if the confidence
level of the fit is less than 10%.
The information obtained so far is displayed in Fig. 4{a), where the energy of the low-
est energy photon {E 1) is plotted against the observed T(25) — T(1S) mass difference,
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Fig. 3. A plot of the recoil mass (M£+£7)

ip the exclusive channel T(28) — yy ¥
afier selecting events of this topology.

defined by AM = M(T(25)}-M{£1 "), where M(£*£7) is the mass recoiling against the two
photons. A clustering of events at a value consistent with the T(2S) — T{1S) mass difference*
and at two distinet values of E, 1o, ave prominent.

To obtain the energy spectrum of the low energy photons a cut around the T(28}—T(18)
mass difference of 57 MeV/c? < AM < 580 MeV/c? (a £30 cut) is applied {see Fig. 4(b)).
The resulting photon spectrum is shown in Fig. 5. The distribution now shows two clean,
separated peaks. A Bt to the distribution with two Gaussians with variable means, widths
and amplitudes on a constant background determines the energies of the lines to be E,y =
(101.2 1 1.3) MeV and Eqp = (125.2+ 1.3) MeV. The fitted widths of the lines are consistent
with our resolution. We estimate the systematic error on the energy measurement Lo be 4%
for both lines. There are 34 ptpu~ decays and 33 ete™ decays surviving all the cuts. In
this sample there i3 no indication of a third line. This is not surprising as theory indicates
a very small branching ratio for one of the P states (3P,) to decay to the ground state by
photon emission).

At the time of writing this report the systematic errors in the efficiency calculations are
still large. Therefore, we caunot yet add additional information on the brancking ratios in
the excluisive channe} as previously publishedS].

3. Inclusive Photon Analysis

In this section we examins the inclusive photon spectrum in hadronic decays of the T(25),
where the 3P states are detected through the presence of monochromatic photon lines.

The analysis described below differs in some points from an esrlier study the Crystal
Bail performed with the data available in Summer 1983¢]. Compared to Summer 1983 more
than twice the previous data are now available and improved selection criteria to resolve the
primary photon lines can be applied. The analysis proceeds as follows:

s We aobserve & small (~ 4%) energy shift in the exclusive events towards lower energies.
This is olso seen in the reaction T(25) — x%a%T(1S), see Rel. 8. The cuts used are
adjusted for this shift.
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Fig. 4. (a) Scatter plot of the energy of the
low energy photon in the reaction T(2S}) —
4 £t vs. the mass difference M(T(2S))-
M(eter). M(ete) is calculated as the
mass recoiling against the 7y system, and
(b) Projection of Fig. 4(a) on the mass dif-
ference axis. A cut was made at 545 + 45
MeV to select cascade events.
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Fig. 5. Energy distribution of the low en-
ergy photon from the final caseade sample
[T(28) = yy€*e). The curve i s fit to
the data as described in the text.

From all the recorded triggers hadronic events are selected by removing backgrounds from
beam-gas interactions, QED events and cosmic rays. The efficiency of the selection is found to
be ¢ = (0.85 + 0.05)% using Monte Carlo calculations. Details on the selection eriteria and
efficiency caleulation of the hadron selection can be found in Ref. 7. The resulting sample
of hadronic events contains contributions from resonance and continuum decays in about a

one to one ratio.

The cuts to identify photons in these events are designed to remove charged particles,
photons forming 7% and photons with showe*s contaminated by energy depositions from

nearby pa:ticlea:

1. A pboton track must be within a solid anre of Jcos@;] < 0.75 (6; is the angle of the
pboton direction with respect to the beam}. This is the acceptance covered by all three
tube chambers. The track must be neutral i.e., it may not be correlated with hits in the
tracking chambers. The energy spectrum of tracks satisiying the above requirements is
shown in Fig. 6(a) on a logarithmic scale. Structures in the range of 100 to 170 MeV and
at about 430 MeV are visible. The residual peak around 210 MeV is a manifestation of
misidentified charged particles. The broad shoulder on the low energy side at about 30 to
40 MeV is due to large fluctuations in the shower development of electrons and photons
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ot rempants from nuclear interactions causing additional energy deposits away from the
originel impact point.

2. To obtain the best energy measurement for the photon candidates their energy clusters
must be well separated from other tracks.

3. To further reduce the still appreciable background from eharged particles in Fig. 8(a)
the more restrictive requirement that not even one of the individual crystals associated
with the photon shower msy be correlated with a hit in the chambers iz applied.

4. The lateral energy distribution in the erystals has to be consistent with the typieal
pattere of a single electromagnetic shower.

5. Photon pairs which reconstruet to the x% mass are removed.
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Fig. 6. Inclusive photon specira from
badronic decays of the T(25): (a) All neu-
tral tracks in the solid angle eovered by
the chambers, and ( b) Afier applying all
the photon selection criteria described in
the text,
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Fig. 7. (a) A fit to the photon spectrum of
Fig. 6(b) with a mode! for cascade transi-
tions from the T(2S). Details of the mode}
are explained in the text, and (b) The fit
of Fig. 7(a) after subtracting the poly-
nominal background and the background
due to charged particles.



Figure 6(b) shows the inciusive photon spectrum afier all the above cuts, Three peaks in
the region of 100 to 170 McV and another bump around 430 MeV are cleariy visible. Note
that the enhancement at around 30 to 40 MeV has disappeared snd that the charged particle
“punch through® is greatly reduced, though still visible s a shoulder sround 210 MeV.

To obtain the number of photons in the observed peaks we fit part of the spectrum
between Ey ~ 65 MeV and E -~ 720 MeV with the following model of cascade transitions
from the T(2S):

1. Three Ganssian distributions with fixed widths given by our resclution to describe the
region between 100 MeV and 170 MeV.

2. Two Gaussian distibutions, eack convoluted with an appropriate Doppler box, to de-
scribe the daugbter lines {from the 3P, and 3Pj states) at sbout 430 MeV. Their ener-
gies were caleulated frora the primary lines and the known masses of T(2S) and T{1S5)
(see Ref. 8).

&

. A smooth fifth order polynomial background.

4. A chsrged particle spectrum with variable amplitude. This spectrum was obtained by
taking genuine charged particles as defined by the tracking chambers and imposic-g the
same cuts on them as used for the photon seleciion.

Guly two daughter lines were taken as tha Py state is expected to have only a small
branching ratio to decay radiatively to the T(15) ground state. This is also indicated by our
study of the exclusive channel. The resulting fit, displayed in Fig. 7, has an good x2/df
of 0.0. The dashed line in Fig. 7(a) represents the smooth polynomisl background. The
amount of chargad particle backgrounad is given by the difference of the solid kine {excluding
th: Gaussians) and the dashed Lipe. In Fig. 7(b) this background bas bein subtracted.

We observe three significant low energy Linea al emergies of E,) = (108.7 & 0.7) MeV,
kg == (127.1 £ 0.8) MeV, E,3 = (160.0 + 2.4) MeV and a peak associated with the daughter

lines at an average energy® of <E,> = 427 MeV (see also Tsbie 2). The systematic err'ur\

on the enezgy measurement of the lines is again + 4%.

In order to ealeulate branching ratios for the observed traasitions, the photon detection
efficiencies need to be determined in the range from 90 MeV to 500 MeV. The procedure of
the calculation is detailed in Ref. 8. For the final spectrum [Fig. 6(b)] the efficiency is found
to be {21.0 £ 0.7 + 2)% and nez?ly constant over the range of interest. Here, the first errot
is statistical and the second esror refiects the systematic uncertainties.

s The daughter lines are too clusely spaced to be resolved by our detector.
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Table 2
Photon lines observed from inclusive T(2S) decays. The statistical significances in stan-
dard devistions {s.d.) have been evaluated independently of the systematic errors in the
branchirg ratios.

Photon energy | Significance | Overall efficiency | Branching ratio
(MeV) (sd.) (%) {%)
108240744 | 88 166425 80+07400
This experimer.c“; 12710844 83 38425 86408110
1600+ 2.4+ 4 a9 166450 26407408
<A2T> . 55 174+ 28 20205204
108240312 44 13 61+14
cusplll 1283 +5.443 42 13 ~59+14
140.4:20.7 5 25 13 3514
427041018 40 13 40+ 10
100.5407+1 57 25 102+18+21
CLEOM Y  l120.0+0811 47 3.2 B0+17418
15804+ 7.0+ 1 1.9 3.8 4442309

o) Isotropic photon distributions assumed. A 1+ cos? 8 distribution for the line at 160 MeV
(xo hypothesis) would raise this branching ratio by ~ 10%. _The error i the efficiency
includes an estimate of the systematics.

!) The line at 158 MeV is not tlearly implied by the data.

4. Hesulta
The branching ratios (BR) for the observed signals in the inclusive analysis bave been
calculat>d according to
I'-, . l
Nyiag) ot

BR=

where
N, is the number of photors in a given iine determined by the 6t,
N'r(25) is tbe tolal number of T(25) resonance decays,

£101 is the total detection efficiency for a photon of a given E,. Included in this efficiency
is the photon efficiency described above and the efficiency to detect the final state. Also
taken into account are lossea due to photon conversions in the beam pipe and the
chambers. Note, that isotropic photlon directions : e assumed.




The energies of the observed fines, their significance (in standard deviations), the to-
tal detection efficiencies and resulting branching ratios are listed in Table 2. The reative
strengths of the two lines contribnting to the line at about 427 MeV are poorly deter
mined by the fit. Therefore the branching ratio for this ine may be interpreted as the
sum of ¢he individual branching ratio products BR{T(2S) - 73P;) - BR(3Py ~ 7T(1S)) sud
BR(Y(2S) = 12Py)- BR(*Py — 4T(1S)). Also listed in Table 2 are the values obtained by
the VLEOY! snd CUSBY collaborations. In Tab% 3 we compare our measurements with
some theoretical predictions!3—17), Here we assume that the three low energetic photon lines
come from the decays T(25) — 73Pa; p in order of increasing energy to calculate the corre-
spending masses. With the prese.. experimental errors there is reasonable agreement between
our results and the correspoading quantities as calculated in a variety of potentisl models.
At present, however, it is not possible to definitely confirra or rule out certain calcuiations.
The observed line splittings seem to agree most with the model of Gupta et al. 14],

5. Conclusions

In the inclusive pboton spectrum from hadronie decays of the T{2S) we observe three well
separated photon lines presumably corresponding to the transitions T(25) = 43P 2 P, 3 Py
and spother photon peak consistent with the (unresolved) transitions 3Pp,2 Py — 4 T(18).
The statistical significance of the weakest line (Y(28) — ~°Py) is 3.9 standard deviations.
From the energies of the first three lines we give a complete measurement of the fine splitting

Tabie 3
Compsrison of experimental results from the Inclusive Photon Analysis with theoretical
predictions. . L
1
Mehg am;y amy AMg rep;) . 38}
(MeV/[c?) |{MeV/[c®) | (MeV[c®) | (MeV/c?) {_‘—%HJH iy
, Je==2:00103
. . c) — EY —40. .
This experiment”) (9902127 | 122432 |69 38 |-@3250 | _ o 0 0
Khare!? 9871.0 8.0 40 -23.0
Eichten, Feinberg!® | 08247 143 117 -38.7
Gupta, et al.1) 0899.7 103 67 227
15) ; o84
Buchmiller? 9888.4 96 5.4 28.1 e
Moxhdy, Rosnerl® 0006.2 78 32 202 J=2:105
J=1: 088
J=2: 113
. 1
McClaiy, Byers'") 99228 | 152 68 -55.8 =1 08
) Moo = 527 + 1))M(3Py)/e.

% AM; = M(Ps)- Mco-
©) Errors include statistical and systematic uncertaiaties.
) Masses sealed by 27 MeV for correct T(1S) mass.
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of the 3P, states. Additional evidence for the radiative decays of the Y(2S) comes fron.

ounr

study of the exclusive channeis, where we observe the transitions T(25} ~ 5 3Py —

112 Y(15)) 80d Ti28) — 13 3Py — ~a(~+"(15)). Our result= are compared with the predic-

tion

1

10.
11.

12

1.
14.
15.

s of various pctential model calcuiationa.
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