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ABSTRACT

Preliminary results from the Crystal Ball and Mark II experi-
ments at SPEAR are presented on radiative transitions from y'(3684)
and J/y(3095) to an nc(2980) candidate state. In addition to the in-
clusive photon signals reported previously by the Crystal Ball, both
detectors now see exclusive hadronic final state signals at masses

consistent with the states inclusively determined mass of 2981:16 MeV.
INTRODUCTION

The existence of the_lS0 pseudoscalar partner of the J/y, the
n.s and its detailed properties yield important tests of the basic
charmonium model.! However, the difficult history of the path to the
discovery of a likely candidate for the Mo leads. omne to Proceed with
some caution before finally pronouncing the task completed. In pre-
viously reported preliminary results?23 from the Crystal Ball
collaboration™ at SPEAR the existence of a state which I will call
"nc(2980)" was demonstrated by the examination of inclusive photon
spectra from y'(3684) and J/¢¥(3095). Though seen as a signal of more
than five o in the §'(3684) inclusive spectrum, no signal was seen
initially in exclusive final states by the Crystal Ball (or other
detectors). Clearly, confirmation of the states existence through
_the observation of exclusive hadronic final state decays was needed.

In this review I will report evidence from the Mark II° and
Crystal Ball detectors for such final state hadronic decays. In
addition, I will review the parameters of the state derived from the

inclusive photon spectra of the Crystal Ball.
THE INCLUSIVE PHOTON SPECTRA FROM THE CRYSTAL BALL

Figure 1 shows the inclusive photon distribution from the
P'(3684), The transitions to the well-established ¥ states are indi-
cated in the figure as are the transitioms from x(3550) and x(3510)
* Work supported by the Department of Energy, contract DE—AC03—76SF00515.‘
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Fig. 1. The inclusive photon spectrum
obtained from the decay of 800 K
¥'(3684)°’s. The analysis leading

to this spectrum and that of Fig. 2

is described in Ref. 2.

to J/y(3095). Aliso clearly
seen, but not relatively so
large, is a greater than 5
o signal for a state at
Ey= 634%13 MeV. The corre-
sponding mass of the state
is 298316 MeV as obtained
from this spectrum alone.?
Figure 2 shows the in-
clusive photon spectrum
from J/P(3095). The most
obvious structure seen in
this spectrum are the ra-
diative transitions to n,

]

n' and some additional

structure (labeled "Glue'"?),

all at the endpoint of the spectrum. These structures are discussed

in detail in another report to this conference.® 1In addition an en-

hancement above background can be seen at a photon energy (after fit-

ting) of about 112 MeV corresponding to a mass of 2981 MeV. This is

another indication

for the state

Fig. 2. The inclusive photon spectrum

obtained from the decay of 900 K J/¢(3095)’s.
"n,(2980)". Also The data is plotted vs. &nE since the

seen in the spectrum

is an apparent excess

resolution, AE/E, is slowly varying in E.
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the NaI(T2). This energy has separated from the main hadronic track
and is erroneously identified as photons by the Crystal Ball analysis
.software. It is expected that in the near future, using Monte Carlo
"codes, one will be able to subtract this background from the photon
spectra and so find the true photon yield at low energy. This had-
ronic "split off" energy also causes some problems in the Crystal
Ball when exclusive states are considered, as I will discuss later

in this report.

In order to extract the best information possible regarding the
mass and T, the natural width, of "nc(2980)", a 9-parameter fit was
simultaneously made to the ¢'(3684) and J/¢(3095) inclusive spectra
in the region of the state. The 9 fit parameters are: 3 for a back-
ground quadratic for the y'(3684) near 634 MeV, 3 for a background
quadratic for J/¢y(3095) near 112 MeV, the amplitude for a Breit-
Wigner folded with a Gaussian resolution of 43 MeV (FWHM) at the
¥'(3684), the amplitude for a Breit-Wigner folded with a Gaussian
resolution of 11 MeV (FWHM) at the J/¢(3095), and the mass of the
assumed resonance. The'natural line width, TI', of the Breit-Wigner
shape was also varied externally to the fit and the dependence of xz

on I' was determined. Figures 3 and 4 show preliminary results of

DEPENDENCE OF FIT ON 2.98 WIDTH this fitting procedure.’ 1In
>7 ‘ ! ‘ ' Fig. 3 is shown xz(F) and A(T)
where A(T) is the number of

56 ‘oco —
55 |- - counts in the extracted signal

% ol I y////ii at the J/¢(3095) as a func;ion
'\\\\_].////////1 of T. A broad minimum in ¥ is

seen centered at T = 20 MeV.

" Fig. 3. Results of the 9 param-
3 eter fit discussed in the text
2 as a function of the separately
-~ varied line with I'. The theoret-
= . 1 .- . -

=1 ically expected' width is alsc

shown: a) x%(T); x2 for the 9
parameter fit b) A(T); the num-
0 10 20 20 40 50 ber of counts in the extracted
"nc(2980)" signal from the
J/¥(3095) inclusive spectrum.
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Fig. 4. Blowups of Figs. 1 and 2 in the region
of "nc(2980)" signal, with minimum x2—9 parameter
fit results overplotted (I'=20 MeV). In both (a)
and (b), unsubtracted, and background (from fit)
subtracted spectra are shown.

However, the 1 ¢ limits (xi = Xiin * 1) of T are +16 and -11 MeV.
Thus, the expected QCD valuel of ~5 MeV for the width of the standard
N. is only about 1.5 ¢ away from the experimentally preferred value
of 20 MeV. Indeed, T'=0 is less than 20 from the experimentally
preferred value. Figures 4(a),(b) show the common best fit with

M= 2981 (£15) MeV and I'= 20(fi?) MeV (x2= 53.2 for 66 degrees of
freedom) overplotted on the data for the J/¢(3095) and ¢'(3684)
inclusive photon spectra respectively. The error on the mass of

15 MeV is predominantly systematic. The error on I', however, is
purely statistical. No attempt has yet been made to realistically
estimate the systematic errors of I' from the Crystal Ball experiment.
Clearly, uncertainty in the form of the background for the J/¢(3095)
inclusive spectrum fit might influence the derived T.

Figure 5 shows an angular distribution of the photons in the
region of "nc(2980)" obtained from the ¥'(3684) inclusive spectrum by
dividing the data into bins of ;cosel and fitting the inclusive spec-
tra of each lcosei bin to a folded Breit-Wigner plus quadratic back-

ground.’ If "nc(2980)" is a spin-0 particle one expects the resulting
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Fig. 5. The angular distribution
of the radiated photon in the
decay y;(3684) » y'"'n.(2980)", The
angle is the polar angle of the
photofi to the e’ beam direction.
Overplotted is the expected
distribution, Eq. 1 text, for

a spin-Q particle.

angular distribution to be

do
Ty (1)
<dg>spin—0
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The data of Fig. 5 are clearly consistent with (1); however, the data

are also consistent with a flat angular distribution which would be

inconsistent with a spin-Q assignment for the state.

HADRONIC FINAL STATES OF "nc(2980)" FROM THE MARK IT

Fig. 6.

"nc(2980)"—*niK+KS in Mark II detector.8
The Kg travels several centimeters before

decaying into ww .

The decay ¢'(3684) » y'"'n.(2980)",

1711A 38

First reports
of the observation of

hadronic decays of

‘"nc(2980)" came from

the Mark II collabo-
ration at SPEAR.S
Figure 6 shows such
a decay in the

Mark II detector

w‘(3684)—*y”nc(2980)"

l——Hril(‘ti(o

s
(2)

Additional'work has
been done since the
publication of

Ref. &, and I will
report here the pre-
liminary results of

this recent analysis?



Only data from ¢' are presented. The final states studied were,

. B
) y (direction only) s"

- + - -
/ - - KK n+n
/9M pMz‘(h|+f12+'-'hn) +

P o>y + atn e (3)

o PP

P ={2])P,Isi 2
Fully 17 (21Pulsin 6,/2)
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where only the photon’s direc-

Fig. 7. Diagrammatic description tion was measured and the had-
of Mark II technique for separa-

ting radiative decay signal. For ronic decay products angles and

a true radiative decay, with only momenta were measured. From
one photon in the event,

8. ~ 0.0 the fully measured hadrons one
M . L

constructs a missing momentum,
3&. As shown in Fig. 7, the

-
" direction of PM is obtained relative to the photons direction obtain-

ing 6M. A quantity,

P2 = (213, sineM/z)2 | ; (4)

is then calculated for each event.

Figure 8 shows the resulting Pf distribution for M< 3.35 GeV
where M is the 0-C mass obtained from the hadrons. The mass cut is
made to remove contributions from the x states.

The major background in this analysis is the process

11 I s I T Pt nn® 4+ X, (5)

— where all but one of the v’s from

—
n
|

0
H | . the m ’s are not seen.

, Fig. 8. vas.events/5><10"[+ GeVz,
L I Control ] for the final states of Eq. 3 text.
ﬂ* ; N T?e radiative peak region has
+ﬂ PLSIXlO‘3 Gev2, the control region

irtas ) bl has 2x1073<P7 < 1x10-2 Gev2. A

AN mass cut of M< 3.35 GeV on the re-
5 0 15 520 25 constructed hadron mass is made to
Mze x10°  remove contamination from the well

wee  known ¥ states.
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For m° decays it can be shown that,

2m20
dN d(Pz)a————~jL~—— ~ const
Y/ ’ 2 +-P2 2" ,
m"o 1
P2 << m2 . (6)
1 71’0

This yields a rather flat smoothly
varying Pf distribution for Fig. 8.
However, for a radiative decay of
¢' to a particular mass, one ex-
pects a peak at small Pf as in the
case for the data of Fig. 8. This
peak results from reaction (3) if
only one y is present in the final
state.

Figure 9(a) shows the mass
(M) distribution obtained from the
data of Fig. 8 cut at Pf< 0.001
GeVz. There is a rather clear
peak at a mass of 2978 8 MeV in
excellent agreement with the re-
sults of the Crystal Ball. 1In

Fig. 9(b) is shown the mass distri-

" bution obtained from a "control re-

gion", 0.002 GeV’ < Pf <0.01 GevZ.

Fig. 9. The Mark II signal for
exclusive final states of
"nc(2980)". (a) The reconstructed
hadron mass M (GeV) vs. events/2.5x
10-2 GeV obtained for Pf<1x1073
GeV2. (b) M (GeV) vs. events/2.5x
1072 GeV2 obtained from the con-
trol region of Fig. 8. (c) The
background subtracted distribution
for M (GeV) vs. events/2.5% 10-4
GeV?. A clear signal is seen at
M= 2978 + 8 MeV,



There is no evidence for an enhancement in this distribution at the
"nc(2980)" mass. Using the distribution of Fig. 9(b) to give the
.shape of the 7° background for 9(a), one can subtract 9(b) from 9(a)
after optimally normalizing the distribution; one obtains Fig. 9(c)
which shows a somewhat enhanced signal at 2978 + 8 MeV.

Table I shows a summary of the preliminary results from the

Mark II collaboration. As shown in the Table, an upper limit has

TABLE I. MARK II Preliminary Results for ¢' - Y"nc(2980)"

Ny

My o = 2978+ 8 MeV, T, o < 30 MeVv (90% C.L.)
e e
Final State - f Br(w' > Y"nc") % Br("nc" > f)
Ks K m (1.5+0.6) x 107"
K K 7 (from I-spin conservation) (4.5+1.8) x 10"4
= +0.8 -5
PP (0.8777, ) x 10
207 24" (4 5 +3 ) x 10'5
=2

been placed on T for the state of I'<30MeV (90% C.L.). This result is
comparable to the mass resolution of the detector in this mass range.

It should be noted, however, that the best fit to the peak has I' = 0.
HADRONIC FINAL STATES OF ”nc(2980)" FROM THE CRYSTAL BALL

The crystal Ball collaboration has recently reportedx)prelimin—
ary results on observation of the decay "nc(2980)" > nﬂ+ﬁ—. The re-
sults were obtained using a 3-constraint fit in the Ball for the
process,

J/(3095) + v + "n (2980)"

L—* hadrons . (7

No indication for an exclusive signal has been secen yet at ¢'(3684);

-8 -



however, preliminary estimates of inclusive branching fractions (see
below) yield a larger number of "n (2980)" from the J/¢(3095) data
sample by a factor of about 3 as compared to the ¢'(3684) data sample.

Exclusive hadronic final states are reconstructed in the Crystal
Ball by measuring both the energy and angles of the photons, while
only measuring the angles of the charged hadrons. Thus for exclusive
final states of the type,

I/, 9" > vy + ar® + mn° + C+ +C¢, mn=1,2,... (8)
the m°’s and n’s can be completely reconstructed as is the radiative
Y. The four constraints of energy-momentum conservation are reduced
to two by the loss of information of Eci. Various assumptions are
made for the masses of Ci and 2-C fits are made for each mass assump-
tion. Particle identification for Ct is thus made through the fitting
process. Fits with C.L. <0.10 are discarded. Additional constraints
are added by assuming 7° or no mass assignments to the correctly
paired photons. These additional constraints improve the mass
resolution obtained from the fit.

Presently the Crystal Ball has an anomalous loss of about a fac-
tor of 2 in the efficiency for reconstructing exclusivedfinal states
like (8). This loss of efficiency is due to the "split off" hadronic
energy mentioned previously. The split off energy fakes extra low
energy photons in the event, and so confuses the topology routines,
i.e., events which should be classified as having 2n+ 2m+ 1 photons,
are found with addition photons and thrown out of the correct topolo-
gy class. Work with the Monte Carlo codes is progressing toward a
solution of this problem. TIt’s worth mentioning that the Mark IT
collaboration had a similar problem with split off energy in the Lgq
Argon and has solved it quite successfully.

In order to estimate the efficiency for detecting states like (7)
quantitatively, a known process was examined in detail. The exclu-

sive state chosen was,
J/$(3095) »+ yn'
Y0 (9)

W
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"Fig, 10. Examination of the process-

es of Eq. 9 and 10 text in the Crys-
tal Ball; 2-C fit results are shown.
(a) MNWY(MeV)'vs. events/32 MeV, an
n' signal is seen at Mapy=956+65 MeV.
(b) EF' (MeV) vs. events/16 MeV, an n'
signal is seen at 1400220 MeV. The
shaded histogram shows events with
400 < M, < 1000 MeV. (c) Mpy (MeV)

vs. events/32 MeV, a p signal is
seen at about 770 MeV.

The general topology of these
events is,
I > yyete . (10)
Figure 10(a) shows there-
sults of 2-C fits to events of
topology(10) when the minimum
X2 fit preferred cte =atn".
The confidence level for all
events shown is greater than

0.10.
an n' at the mass of 965+65MeV

A clear indication of

is observed. The mass error is
due entirely to the uncertain-
ty in the proton energy meas-
urement. The unshaded histo-
gram of Fig. 10(b) shows the
corresponding distribution in
the high proton energy with

the n' peak at 140020 MeV. A
cleaner n' signal is obtained
by cutting on the w7 mass dis-
tribution about the p mass.
Figure 10(c) shows the 77 mass
distribution obtained from the-
events of Fig. 10(a). A clear
indication of a p is seen. On
cutting at 400 <M, . <1000 the
photon energy distribution
shown as the shaded.histogram
of Fig. 10(b) results. Using
the n' signal from the shaded
histogram of Fig. 10(b), we
obtain 365% 30 n' events re-

sulting from a sample of 800K
J/$(3095) decays.



Using previously measured branching fractions of11

Br(J/w(3095) > yn') ~ 7x 1073 (¢3))
. andl?

-

Br(n'>py) = 0.298+ 0.017 , (12)

plus a Monte Carlo estimate of geometrical efficiency of 0.53+ 0.1,
we expect 905% 120 n' events. The efficiency for correctly identify-
ing topology (9) is thus estimated as 0.4* 0.1. One should note that

(11) was obtained through measurement of the process
J/y > yn'
YY » (13)

while (12) was obtained by direct measurement of the py final state.
So far the two decays of n' into yy and py have not been measured
well in the same detector. The Crystal Ball hopes to accomplish this
in the near future and so possibly reduce the systematic errors on
the inclusive n' measurements. Of course, in crder to obtain super-
ior measurements, resolutlon of the Spllt off problem is needed.
Figure 11 shows the preliminary K K 1° mass dlstr}butlon ob-

tained from 3~C fits to the

topology

20 T T T T T +K_
Sl y— kKT y . J/P(3095) > vy y K (14)
b W
o ; The branching fraction of
J 10+
E % "nc(2980)" is, using I-spin
B 7
= 5 conservation, a factor of two
S L ool oL yY KO

(1M I ik smaller for the K'K n° final

0
2500 2700 2900 3100
Mk 7 ] state than for the Koﬂ”

-
|
4

final state observed by the
Fig. 11. Mggqo (MeV) vs. events/10
MeV for events in the mass range of
"n.(2980)". No signal is evident. Fig. 11, no signal is seen yet
The region above 3045 MeV is contam-
inated by split off photons as de- T
.scribed in the text; 3-C fit results K™ eplit off effects are the
of the Crystal Ball are shown.

Mark II. As is indicated in

by the Crystal Ball. Assuming
+ .

same as T , an upper limit on

the produced branching ratio

is obtained.
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Br (J3/4(3095)+y'"n. (2980)" )#Br("'n, (2980)">K K 0)<1.5x10~4 (90%C.L.)  (15)

As shown in the summary section,
20 | T T

this upper limit is consistent

within error with the Mark II

o
T

measurement.
Figure 12 shows the prelim-

+ - . . .
inary nv w mass distribution

EVENTS /(10 MeV)
S
T
N

obtained from 3-C fit to the 5
topology {]
3/6(3095) » Yyym W (16) 0 ' ' ' /
2700 2800 2900 3000 3100

A signal is seen at a mass of - Mpmer— (MeV)

M 4 _=2972%15 MeV in excellent Fig. 12. Evidence for an exclusive
e final state signal for J/y(3095)
radiative decay to nmm. My (MeV)

ported masses. The mass error vs. events/10 MeV is shown for
events in the mass range of
"nc(2980)". A signal is evident at
M g =2972%15 MeV. The region above
3845 MeV is contaminated by split
off photons as described in the
background. 1Indicated in both text; 3-C fit results of the Crys-
tal Ball are shown.

agreement with previously re-

is primarily due to the poor
statistics of the measurement;

1416 events are observed above

Fig. 11 and 12 is the region
where fake split off photons become a serious background. These
regions are excluded from consideration.

Using the previously determined estimates of efficiency for
topology (15) the Crystal Ball collaboration obtains a preliminary

product branching fraction.
4

Br (3/9(3095)>y'"n_ (2980)") *Br ("'ng (2980) >0 1) =(2.7#1.5)x10" (17)
Figure 13 shows the angular
distribution of the radiated pho-
4T T T T T T T T T
ton obtained from events in the § —y'n"
¢ .

region of the peak in Fig. 12. 223—‘ benyro 7

o2t =
Fig. 13. The angular distribution %
of the radiated photon obteined ok -
from the region of the peak in [—1
Fig. 12. 8, is the polar angle fo) S FHNTINENT SN FENTNE IS NS T N WS-
of the radiated photon relative -0.5 0 0.5
to the e beam direction. - cosby wsonss



Though the statistics are poor, the distribution is consistent with

the expected distribution (1) for spin-O.
- SUMMARY

(a) A candidate n, state has been observed in radiative transi-
tions from the ¢'(3684) and J/¢(3095). The mass obtained from the
inclusive spectra of the Crystal Ball is,

My_ o = 2981 %15 MeV (18)
Ne
the width obtained is,
T = 2o(fif) MeV (statistical error only). (19)

rough estimates of the branching fractions are3 (very preliminary),

Br(y' (3684) > y"'n_(2980)") ~ 0.2 - 0.5% (20)
Br (J/9(3095) > y"'n_(2980)") ~ 1% (21)

where J/¢(3095) branching fraction is strongly correlated to T.
(b) The "nc(2980)" has been observed in exclusive decays from
the ¢'(3684). The mass obtained from the exclusive fits of the

Mark I1 is,
My oo = 2978 + 8 MeV (22)
C

an upper limit has been obtained for the width,
I' < 30 MeV (907 C.L.) . (23)

The final states observed and their product branching fractions

are given in Table I. Using the Crystal Ball value of,
Br(y' (3684) > y'n_(2980)") ~ 0.35% (24)

The "nc(2980)" branching fractions of Table II(a) are obtained.

(¢) The "nc(2980)” has been observed in exclusive decays from
the J/¢¥(3095). The mass obtained from the exclusive fits of the
Crystal Ball is consistent with the inclusively obtained mass. The
poor statistics of the present measurement don’t allow a significant
measurement of the width.

Using the value (21) (1%) for the radiative branching fraction,

the "nc(2980)” branching fractions of Table II(b) are obtained.

- 13 -



TABLE II(a). ﬁark II Branching Fractions Assuming

Br (y' (3684) > y"'n_(2980)") = 0.35%

Final State - f Br("nc(2980)" > f)%
+

K K =« 4.3+1.7

K K 7 (from I-spin conservation) 12.9%5.1
- +0.2
PP 0.2(_0.1
+ - +0.9

27" 2w 1.3(C0 g

TABLE II(b). Crystal Ball Branching Fractions Assuming
Br (3/¥(3095) > ¥"'n,(2980)") = 1%

Final State - f Br("nc(2980)" -> f)%
+ - 0 o
K X =« < 1.5 (90% C.L.)
n ﬁ+ T 3 £1.5
Yy < 0.5 (90% C.L.)

(d) Determination of the spin-parity of the "nc(2980)" is
. central to the assignment of this candidate as the theoretically
desired Mg+ So far no decays of the type,

"nc(2980)" > ﬂ+n_, or KK~ : (25)

have been reported. However, the limits on these decays should be
improved before one can state with confidence that they are substan-
tially smaller than the branching fractions into presently observed

states. The lack of these decays (25) imply that

I =0 ,17, ... (26)

- 14 -




There is evidence (Figs. 5,12) that the radiative photon’s angu-
lar distribution with respect to the incident e+ beam is consistent
ek, do
dQ

R

« (1+cos?0) . (27)

If measurement eventually provides stronger evidence for (27),
and if the radiative transition can be shown to be a magnetic dipole
transition,!3 then the 0  assigmment will be established.

CONCLUSIONS

A candidate n, state at M= 2980410 MeV with radiative transitions
from y'(3684) and J/¥(3095) has been firmly established by the results
of two experiments and with inclusive and exclusive evidence from both
¥'(3684) and J/¥(3095). The challenge remains to unambiguously identi-
fy this candidate state with the theoretically desired n,, the SO
pseudoscalar partner of the J/¢(3095). The present sample of data
which has led to the establishment of the candidate state is about
106 ¥'(3684) decays for both the Crystal Ball and Mark II experiments,
and about 106 J/¥(3095) decays for the Crystal Ball experiments.
Clearly, in order to make further progress toward uniquely assigning
JP for this state, at least 4X106 decays must be gatheréd by one
experiment having at least the capabilities of the Crystal Ball or
Mark TI detectors.
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