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STUDIY OF INTERMEDIATE STATES PRODUCED BY RADIATIVE DECAYS OF !
George ﬁ. Trilling
Department of éﬁfsics and Lawrénce Berkeley Laboratory
University of California, Berkeley, California:9h720
I. INTRODUCTION

I shall, in this report, discuss recent experimental information on
narrow states, intermediate in mass between the § and the ¥', which are
produéed by radiative decays of the Vy°, Tﬁe data on which this informa-
tion is based consists of about 350,000 y' decays detected by the SLAC/
LBL magnetic defector operating at SPEAR. This detector has been
described elsewhere,1 and I shall not go into its details here.

In the present conventional interpretation of the ¥ and ¢' particles
as bound states of a charﬁed quark and charmed antiquark (cc), the pre-
dicted properties of those cc states which might be expected to be lower
in mass than the y' are given in Table I, The ¥ and ¥' correspond to
the a°C =1 state (with the y' presumably a radial excitatioen).
Those states with charge parity C = +1 are all possible decay products
(X) in the process

¥' o X . (1)
If we restric£ the symbol X to those states intermediate in mass between
the y' and the w, we might expect these to consist of the 2150 and the
13P0, 13Pl, 13P2 states, (We assume here that the 1150 state lies below
the w.)_ Thus one may expect to find four X states Qith'the properties
JPC = O_+, O++, 1++, 2++. Presumably the same dynamical effects which
lead to the narrow §y and ¢' widths also apply to the X's; hence their
observed widths are expected to be determined purely by the resolution
of the detector,

The methods which have been used in the magnetic detector at SPEAR

to study X states are the followihg:



(1) study of inclusive photon spectra with good resolution to search
for monoenergetic photon lines,

(2) study of the cascade processes,
: _" = T
‘-’ TV
l—’ ete” or p+p— . (2)
(3) study of hadronic decays of X states,
¥ X
I-» hadrons . : (3)

In the subsequent sections, the results of these approaches are

discussed in some detail,

II, INCLUSIVE PHOTON SPECTRA

The detection of monoenergetic photons emitted in ¢' decays is a
conceptually simple and natural method to search for narrow intermediate
states; The anticipated results of such a study would be.the identifica-
tion of various X states, and the determination of ' branching ratios
for decay into each X state detected. The principal experimental diffi-
culty arises.from the enormous background of photons from no de;ay,
especially at the low energies where one expects to finq ﬁhe desired
monoencrgetic photons, |

For such a study, the magnetic detector was used as a pair spec-
trometer,2 the beam pipe wall and scintillation counter‘SUrrounding that
wall serving as the thin converters, and the cylindrical spark chambers
being used to measure the momenta of the outgoing electron and positron,
The efficiency for detecting photons in this manner rises rapidly_from
zero below 120 MeV to ~ 1% at 200 MeV and thence slowly to about 2% at
the highest photon energies. The resolution ¢ is about 4 MeVv at 200 MevV,
The results for both W and §' photon spectra are shown in Fig, 1, The
general shapes of both spectra are the same {as might be expected from

the fact that most ¥' decays lead to a ¥), but the §' spectrum exhibits
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a clear. spike at ET = 261410 Mev (corresponding to Mi = 3413+ 11 Mev)
, 3 :

with a width consistent with the resolution, > The sharp drop-off below
250 MeV is due to thelloss of efficiency; and indeed this experiment is
incapable, from the inclusive spectrum, to make any useful statement
about monoepergetic photons of significantly lower energy. The y*
branching ratio corresponding to this signalh is 0.075 %+ 0,026, where
the quoted error arises principally from systematic uncertainties in the
background subtraction and in the evaluaﬁion of the relevant efficiencies.
It may be noted tha£ the gxperiment of Badtke et al.,5 in the other
expérimental area of SPEAR, using Nal crystals to detect photons, has a
much lower energy threshold. Thus this group has reported monoenergetic
lines at EY = 256,.168 and 121 Mev, all with an uncertainty of I TMev
(corresponding to M= 3418, 3512 'and 3561 MeV), The corresponding
branching ratios are 0,1%*0,04, 0.09% 0,03, 0,08 0,03 respectively. b
The first of thesg is, within the suﬁstantial uncertainties of both
measurements, compatible with the above magnetic-detector value. As
will be seen below; the other two states have also been observed by the
other methods in which the magnetic detector has been used to study X |

states.

iII. CASCADE DECAY. OF V' °

The processes (2) were precisely those from which the first evidence
for intermediate states was obtained by the DESY-DASP group.6 In addition
to prdviding a véry clean way to identify those X states which have siénif—
icaﬂt branching ratios for tﬁe decayé X - 1V, these processes can poten-
tially yvieldthe most powerful data for determinations of the spins of
these same X states.!| The main difficulty of such a study is the removal
‘of background.from the processes
| A R st L A

LA R A 00 A

The.recent.results2 from the SIAC/LBL magnetic detector are obtained from



‘a study of events in which either rler To in (2) ére converted into an
ete pair in the manner already described in Section Ii, and the momentum
of the unconverted phqton is then determined by momentum—-energy balance,
To sharpen the resolution, a kinematic fit is made in which the dilepton
pair is constrained to the @-mass. Details cénéerning the removal of the
above-menfioned backgrounds are given in Ref, 2; in the‘subs;quent discus-
sion we assume that such backgrounds have been remoVed; The remaining
sample cohsists_of 21 events,

For éach event in the sample, there are two possible X masses depend-
ing uponnwhich photon‘is assumed to arise from the V' decgy aha which from
the X decay. The c;rrect choice can in principle be made with adequate
data from.tﬁe requirement of small X widths, The scatter plot of the low
Yy mass versus the high yy mass for the 2l-event sampie is shown in Fig,
2, with the projections on both axes also exhibited. There are clear
peaks at 350@& 10 MeV and 3543+ 10 MeV with branching ra?io producfs
B(y' - yX)B(X - yV¥) of 0,024 +0,008 and 0,01 # 0,006 respectively,
accounting for 16 of the 21 events. For both of these states, the
required small widtb provides a unique resolution of the Yy mass ambi-
guity in favor of the high mass solution, This choice also agrees well
with the data of Badtke et a1.5 and with thevresults from studies of X
hadronic modes discussed in Section IV, Of the remaining events, oné
lies at 3413 MeV (high yy-mass solution) which, as discussed earlier,
corresponds to a known X state (although a single event could just be
background) and corresponds to a branching ratio pro&uci of 0,002+ 0,002,
Finally thé remaining foﬁr events are all consistent with a single mass
of 3455+ 10 MeV (high yy solution) and a branching ratio product of
0.008+ 0,00}, It is also possible to throw out one §f these four events '
as background and retain the other threerét a common.mass value of 3340%10
MeV (low yy-mass solution). Although this 3455 McV (or 3340 MeV) signal
looks reasonably solid in Fig. 2, it differs from the other signals in

‘hbne'importaht respect: as will be discussed later, there is no indication
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- for any observable hadronic mode at either of these masses, nor is there
any clear evidence for this mode in the inclusive photon spectra in which
the other X states show up, Thus this state clearly requires confirmation

v

before it can be considered as established,

1V, HADRONIC DECAYS OF X

A, 'General Features

"“Hadronic decays of X states cah be idemtified for those decay imodes
consisting only of charged outgoing particles all of which are detected

in the apparatus. The specific decay modes studied are the following:

Xo wwnn (ka)

I S (4b)

LR  (be)

. B | | (ka)
- KK _ (ke)

R T (1€)

Identification of reaction (3) is aéhiéved, without detecfiﬁg the
photon, through energy and momentum bélanée, The major problem in the
application of this procedure is the separation of ' - X from
¥y - n°x where X is a final state consisting of one of the groups of
padrons listed in (L4). Foitunately this separation is reasonably étraight—
f;rward for three reasons: (a) becay modes of ﬁhe fofm IRV AN no + all
chargéd particles have relativel§ small branching ratios; (b)_;uch decay
_modes have a no spectrum spread over a wide range ;f,energiesvwhereas the
~ photons in (3) are monoenergetic with relatively small energy; (c) the
‘measurement of missing-mass-squared by which one distinguishes a missing
photon from a missing‘pion is most precise when the energy taken up by
the missing br neutral system is small -- this is just the case in reac-
tion (3). &hese points have already been discussed in the paper of
Feldwan qt al,,3 and the recent work based on the much larger statistics

now available confirms the wvalidity of the r—no separation,
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We do not here go into great detail on the fine po#nté of the analy-
sis, but do mention the following relevant elements:

. (i) The X masses arevdetermined from a one-constraint kinematic fit to
reactions (3) and (4) using the bubble-chamber program SQUAW,

(ii) care is used to remove certain prominent baceround;:

| (a) v' = X - Yﬂ+n-n+n-, riw KK

Background: ¥' — ' a ¥ - n+n-pfu-, n+n-e+§f
(b) ¥ =5 X - rn+n—n+n—n+n-
_ Background: V' - n+n-w - n+x-n+n-n+u_, n+n-n+n-n+n-n°
(&) ¥ o X o g, K |
- ﬁackground: L AN e+e-, u+p-, re+e-, rp+p-

(iii) Time-of-flight information plus the kinematic fit are used to
identify the X decay modes n'n K'K and n' n pP. The kinematic fit alome
is usually adequate to separate X — n'nm  from X — k.

(iv) In thé calculation of branching ratios corrections have been made
fér the effects of the various‘cuts used,

The mass spectra corresponding to the various final states (4) arel
shown in Figs. 3 and L4, - On the basis of these spectra one can make the
following remarks:

(1) a1 thé_mass spectra show a prominent peak at M = 315+ 10 MeV,

(?) The 4n and nnKK spectra also show clear peaks at Mx;= 3500 + 10 MeV
and 3550% 10 MeV, These three mass values are in good agreement with
those observed by the other techniques previously discussed.

(3) The 6x spectrum above the 3415 MeV peak is coméatible/with popula-
tions»frém the above two states, aithough thé} are not clearly resolved,

(4) The combined ' and ' spectra show a fairly clear peak at 3550
MeV but no significant signal at 3500 Mev..

(5)_There is no eQidence for any signal at 3450 Mev, the state suggested

by the cascade decay data of Fig. 2.

(6) The peaks at ﬁhe upper end of the hn, unxf and nxppP spectra do not
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come from X states, but rather correspond to the direct decay modes '
¥' - lka, nxkf, nnpp. There is also a small but finite contribution

from y' — 6 at the upper end of the 6n. spectrum, The absence of

o . ] ] - e . )
such population at the upper end of the n+n 5 K'K spectrum is not in

. ) + - _+

itself proof of the absence of the direct modes ¢' —» nn , K.K,
- 4+ - ' )

because cuts used to remove VY' - efe s B p  background also remove

+ -
V' > nn , KK,

B. Study of the X(3415) Decays

Table II shows preliminary values of branching ratios for the
various identified decay modes. To obtain the X branching ratios, I
have divided the branching ratio products by the total ' — YX(3h15)
branching ratio of 0,075 * 0,026 discussed in Section II,

Figure 5 shows the n+n- and Kin$ spectra_from‘the n+nfn+n— and
nfn—K+K. decay modes, from which it is clear that the p and K*(891) are
the only prominent resonances. Remarkably (sindé there are no obvious
selection rules which forbid these processes), there is no significant
pp or K*(8915;;(89i) signal: the p and K¥ almost always seem accompanied
by nonresonant meson pairs.

Other intere;ting properties can be summarized as follows:

(1) The G parity is even and ehargevparity is even; hence the isospin
must be even, The K%K_ decay mode thus requires that I = O, |
(2) The observed equality of n+n_ and K+K_ branching ratios agrees with

expectations for an SU(3) singlet assignment for the X(3%15).
C - I

X > pnnt — %1 xXwN

X - K*(891)Kn — K'n K x

namely 1,124 0,55, is also in agreement with the SU(3) singlet predlctlon

of 9/8.
+

' ) . + - 4 -+~ -+ -+ -
(%) The branching ratios for X(3415) ton n , n n i x and n %t n. % % =«

(3) The obscrved ratio of decay rates,

+

are very similar to the corresponding values observed for y decay to
+~0 +~=-+~0 + -+ -+ o . . .
AN A, AN, AR A X T on respectlvely.8 (In making this com-

. o .
parison a 1 1is added to go from X to corresponding ¥y decay modes to take

account of the opposite G parities.)



C. The %(3500) and X{3550) Decays
Tables III and IV show branchiﬁg ratio products for X(3500) and
X(3550). Estimates of the X branching ratios, obtained by using the A
branching ratio results of Badtke et a1.5 are also given in Tables IIX

and IV, The prominence of the radiative mode y¥ is evident for both X

states, The importance of this mode relative to the normal hadronic modes

is very remihiscent of the prominence of the decay modes V' - V¥ + any-
thing relative to the standard ¥' hadronic modes, Although p and K*(891)

. s s . : -+ - + - 4+ =
production are significant pieces of the n+n nn and x n K K modes for
both X(3500) and X(3550) it is again true that both pp and K*k* seem
absent, The ratios of prn to ¥*kn again satisfy, to within the rather

large statistical uncértainties, the SU(3) singlet predictions,

V. SPIN INFORMATION

For thé hadronic modes, one can measure the distribution of 8, the
angle between the beam direction and the outgoiné pho;on. The general
form is,7

W(B)d cos 6 =1+ A cos® @ A (5)
where |A| s 1.

The value of A can be unambiépously predicted only for spin J = O,
namely A = 1, For spins 1 and 2, there can be several multipoles in
the amplitude and the predictions are ambiquous, However if one assumes
that only the electric dipole contributes significantly, one obtains,

A= - 1/3 J=1

It

A 2

1/13 J

il
[}

The actual experimental results, based on using all the observed

hadronic decay modes are as follows8:
X(3415) A=142%0L
x{ 3500) A=0,1%204
X( 3550) A= 0,320

Figure 6b and Fig, 7 show. the distributions of |cos 9] from which

P
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the above values of A are derived, Fiéure 6a, which applies only. to the
x(3h15) - ﬂ+ﬂ- or X'k~ mode shows the distribution of.lcos e'l where @'
is tﬁe angle between dimeson line and the photon, This dispribﬁtion is
expected to be isotropic for J = 0, and would normally contain terms in
COsa @' and cosh 6' if J = 2 (the next lowest allowed spin for state with
an sy or K+K_ decay mede)., Unfortunately the statistics are small, but
there is no obvious deviation from_isotiopy. |

The main conclusion from these results is that only the X(3415) gives
a good fitvto spin zero, For the X(3500), the radiative cascade decay
process with its additional useful va;iables can’potentiéily provide much

T

more conclusive information on the spin, Preliminary analysis of events

in which the photons are detected in the shower countefs of the magnetic
: \

detector (a much larger sample than that discussed in Section I1I, where
one photon is required to convert into an e+e- pair prior to reaching the
first spérk chamber) appears to rule out spin zero and thus confirms the
tentative conclusion based on the y angular distribution in the hadron
decays, .

Guided by the predictions of the charm model (see Table I), the fact

+ -+

Fe - _ ) . o .
that x t , K X decay modes imply JP =0, 2, ..., and the previous

discussions of angular distributions, one is led to a favored assignment:

x(3415) gt - o™
X( 3500) € -t
(3550) g€ - 2t

Complete experimental confirmation of these assignments is obviously

desirable, but will not come easily with the present detectors.

VI, CONCLUDING REMARKS
From the totality of the inforwation given we can come to the follow-
ing conclusions:_
1, Therc are three clearly-established states between the ¥' and the

¥ at masses 6f‘3h15, 3500 and 3550 MeV (an actual average of all data done
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by G;'Feldmanlo gives values of 3414, 3508 and 3552 MeV for the masses),
Thus the ambiguity between 3270 and 3500 MeV as the'maés of the first
state seen in the cascade decay modeé is removed.

_2f The three above states all show Significant hadronic decay modes.
The radiative mode x 5 TV seems the dominant one for the X(3500), very
substantial for the X(3550), and, at mast, of the same order as individual
hadronic modes for the X(3h15j.

3. The limited information on isospin and SU(3) supports for the X
states the I = O and su(3) singlet properties predicted by the cc model.

‘4, The cascade process suggests‘the’éxistence of another X state ét a
mass of 3&55 or perhaps 355C‘Mev. There is no evide?ce for hadronic decay
modes of such a state,

5. There is a preferred but not conclusively established set of spin
assignments, namely aF = 6+, 1+_and 2" for the x(3415), X(3500) and
%(3550) respectively., Thus of the states expected from the cc model the
pseudoséalar is missing;' Perﬁaps the 3455 MeV state seen in the cascade
process is in fact this pseudoscalar, but there are no experimental data
to support this hypothesis,

6. Inmy view, further substantial progress in this area can only
come from coupling a much superior neutrals detector to a charged;particle

. detector at least as good as the present SLAC/LBL instrument,

The results presented in this paper come from the work of the SLAC/
LBL collaboration, whose membership is: G. S. Abrams, M. S, Alam, A, M,
Boyarski, M. Breidenbach, W. C. Carithers, W, Chinowgky, S. C. Cooper,
R, G. DeVoe, J. M, Dorfan, G. J, Feldman, C. E. Friedberg, D, Fryberger,
G. Goldhaber, G, Hanson, J. Jaros, A, -D. Johnson, J. A, Kadyk, R. R. larsen,
D, Like, Vv, IWth, H, L. Lynch, R, J, Madaras, C. c. Morehouse, H, K. Nguyen,
J. M, Paterson, M. L, Perl, I. Peruzzi; M. Piccolo, F, M, Pierre, T. P. Pun,
P, - Rapidis, B. Richter, B. Sadoulet, R..H. Schindler, R, F, Schwitters, J.

Siegrist, W, Tanenbaum, F, Vannucci, J. S, Whitaker, and J, E, Wiss, I am

VI

<
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A. D. Johnson for valuable discussions.
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particularly indebted to J. .S, Whitaker, W, Tanenbaum, B, Sadoulet and
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Resonance Production:
o+ -
B(X » pnx )

+ - -
B(X » ninxn)

B(X -» K*(891)k*x")

= 0.39+0,12

B(X - u+1(_K+K— )

= 0,41%0.10

Table I, Expected cC states,
PC . .
State J Reaction (1) Possible?
1 1565 ) ot yes
13, (v) 17" no .
1'_P1 - 1+- no
1 3P -t yes
(o]
1 3P1 ‘ ‘1++ yes
1l 31?2 2++ yes
2 ISO O-.+ yes:
2 3Si (v*) ) no
Table II, X(3415) branching ratios.
Final state - B{yX) X B(X -+ final state) B(X - final state)?
A (3.2¢0.6) x 1073 (5.3£1.7)%
o KK (2.'7to.7) x 1073 (3.6 1.5)%
B (1.4+0.5) X 1073 (2t1)%
ata (0.740.2) x 1073 (1:0.5)%
k% (0.7+0.2) X 10°3 (1%0.5)%
x' % pp (0.4 20.13) X 1073 -{0.5+0,2)%
v (2¢2) x 1073 (3¢3)%

a, Calculated using B(y' — YX(3415)) =

0.075 % 0.026;_

v
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Table III, X(3500) branching ratios, .

———

Final state B(yX) X B(X — final state) 'a(x_y - final state)®
x| " (1.1to.k) x 1073 S 1.2%
KK (0.6£0.3) x 1073 _ 0.7%
.;;;{;{ : UJ1Q®X153 ' .' 1.9%

' n and KK <0.15 X 1073 . <o0.2%
x'n OB (0.1£0.08) .x 1073 0.1%
vr v (24 +8) x 10'3_ : 26%

Resonance Production:
O + -
B(X > pnn)

T = 0.24+0,20

CB(X o mowan
—_— + 3
B{X - K*(891)k"n

= 0.35+0.18
B(X - n+n—l(+x_ )

a, Calculated using B(y' - yX(3500)) = 0.09 from Ref, 5. The sum of
all uncertainties being rather large, these figures are to be con-
sidered estimates and no errors are quoted.

Table IV, X{3550) branching ratios,

Final state B(yYX) X B(X - final state) B(X —» final state)a
AL S (1.6t0.4) x 1073 2%
kK (L.h+0.4) X 1073 1.8%
) (0.8%0.5) x 10° , | 1%

« % and K'K (0.2%0.1) X 10”3 . 0.2%
< % PP : (0.2¢0.1) x 10”3 ~o0.2%
x 103 129,

vr ’ : (10£6)

Resonance Production:
B(X -» pon+n_)
B(X - n+n—n+n—)
B(X > k*(891)k'x

B(X - n+n-K+K—)‘;

= 0.31%0,17

+

) = 0,25%0,13

a, Calculated using B(Y' - yX(3550) = 0,08 from Ref. 5. The comment
about errors given in Table III also applies here,
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Fig., 4, Mass spectrum of n n pp for events fit to the reaction V' — yn n pPp.
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. Fig., 5. (a) nfn_ mass spectrum from X(3415) - n+n—n+n_ (four combinations -
+ 7 R
per event); (b) K ' mass spectrum from X(3415) » n = K'K - (two

combinations per event),.
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~ Fig, 6. Decay angular distributions for X(3415). Angles
are defined in text and da_shéd '].ines. represent prediction

for J = 0O,
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Fig, T. Angular dlstrlbutlons for (a) X(3500) and (b) X(3550).

Dashed line represents predlctlon for J = O,
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