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ABSTRACT

An analysis of data at the %(3.7) resonsnrce gives a parrial width to
electrons, I, = 2,220.5 kev, and limits on total width 200 kev <T' < §o0
keV. The decay w(3.7) —» w(3.1)n"n~ is observed with a hranching ratic
o.;n*0.0k, and ¢(3.7) - ¥(3.1) + anything has a brapching ratio of
Q.54 £0.08. The ¥ resonances appear tn have the same G-parity.

An enhancenent occurs in the total hadronic cross section at a c.m
energy of about 4.1 GeV, rising to about 32 ob from a level of 15 b adja-
cent ta peak, which is about 00 MeV wide. The integrated cross section
far the peak is about 5.5 rnh-GeV, comparable to that for the y(3.7) and

¥(3.1) resonances.

Une analyse des Desures expéricentales sur la rdsonance (3.7} donne

une largeur partielle pour la ddsintdgration en une paire d'electrons, fe=
2,2%0.5 keV, et des limites sur la largeur totale, 200 keV < ' < BOO keV,

La Gfsintegration ¥(3.7) - ¥(3.1)n"s" est chservde avec un rapport d'em-
branchecent de 0.312 0.0k, et 3{3.7) » ¥(3.1) + n'irporte guoi & un rag-

port d'echranchemant de 0.54 * 0,05. Les resonances y seablent avoir la

c¥ne paritd G,

Une hausse de la section efficace totale hadronigue se proguit & une ?;
dnergie dans l= centre de masse de 4.1 GeV. 1a section efficace oonte de g
scn niveau de 16 nb A des énergies avoisinantes jusqu'd 32 nb avec une

largeur @'3 peu prés 300 MeV. L'intdgrale de la section efficace pour
cette structure est approxinativement 5.5 nb-GeV, cosparable & celles des

résorances ¥(3.7) et y{3.1).
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I. i3

Following the discovery of the %(3.1), a systematic search was initi-
ated to look for other very narrow resonances, The method of search has
been described pzeviuusly,l but can be briefly explaired as an automatic
ranping of the SPEAR bean energy by ~ 1 MeV steps every few minutes, the
data collected at each eneryy being processed on-line by the SLAC IBM 168
computer complex. By this means, the cross sections were irmediately com-
puted in very fine steps (A}:.:m ~ 2 MeV) although with large staristical
errors. However, this technique was more than adequate in detecting narrow
resonances as was proven by going back over the y(3.1) resonance, which was
seen clearly, and, much more importantly, by the discovery of the ¥(3.7)
soon after the search begana (see Fig, 1).' The sensitivity was such thac

resonances having g,

haa 2t the peak greater than a few hundred nb would have

been detected.

Shortly after cbserving the ¥', the shape of the peak was carefully
mapped cut as illustrated in Fig. 2, in arder to obtain l‘e by integration
of the cross section, as was done for the y. The result after radiative

corrections is:

I Opag 9% = 3.7£0.9 nb-Gev .
This is about & factor of 3 less than for the §y, To obtain the width to
the e*e- channel and the total width, it is neces iwry to know the branching
ratio into e’e-, or into |.|+|.|_, if p-e universality is assumed. First
atteopts to chserve the leptonic modes were disappointing, only the slight-

est ion of any being visible, Soon it became clear that

the situation was rather canmplex, since it was discovered that the §' de-
cayed into the ¥ part of the r.i.ne,z and since the ¥ subsequently decayed
i1nto leptons, that decay mode must be distinguished from those due to direct

decay of the y', We will return to discuss the ¥' cascade decay ln amoment,

*Within this paper we will subsequently refer to tha ¥(3.7) as ¥' and

¥(3.1) as ¥.
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Although the e e decay mode of the ¥' was difficult to separate from the

dowinant t-ch 1 Bhabha b , as well as fron the ¢ electron decay

mode, che p+p_ mode was more edsily isolated, as will be seen, Subrracting
the QED background, the branching ratio to ouoms is found:

& -

; : : L4y’ = o.o0520.003 .
If we assune u-e universality and the spin assignent J = 1, then the
widths are determined:

r(v) = 2.220.5 kev ,

200 xeV < I{y') < 500 kev .

The electron width 4 ination is nearly i of the lepton ratio,

because the latter is so srmal), ard the errars an l"e reflect just the
uncertainty of [ Oag @¥- The large uncertainty in the limit on the total
width comes about partly from the background subtraction, which 1s reflected
in the p'y” branching ratio, but also from the possible contribution due to
interference with the QED amplitude. The presence or extegnt of the inter-
ference has not yet been investigated in detail experizentally. The expec~
tetion is to obtain a much more precise determination of these quantities
when oare data is collected. The position of the peak is known more accu-
rately than originally, due to recalibration of a flip coil used to detez-
mine the SPEAR magnetic guide field. The new value is 3.684 £ 0.005 Gev.
It should be noted that the y°, although very narrow, seens to be carkedly
broader than the ¥.
Let us now exanine in sore detail the decay
v oo e, (1)

the oode by which this decay was di Froo a sample of about

3O ewents, the nissing mass distribution shown in Pig, 3 was obtained,

showing caonclusive evidence for decay (1), The branching ratio for decay

by (1) was determined, after suitable efficiency cor: ions and 4

subtraction:



b=

P(v' = yn'n”
Fim)—l = 0.3120.04 .
The branching ratio for the inclusive decay,
¥'o= b+ X 2)
[
N
was alza found, by isoleting the muon pair decays of the ¥, and scaling by
the known leptonic branching ratio of the y. FPigure 4 shows the square of
the effective y's~ mass, and the events corresponding to ¥ decay in (2] are
clearly separated. Approxicactely 800 events correspond to reaction {Z).
Here, the highest momentum positive and negative particles have been chosen,
and e'e” decays have heen eliminated by requiring smail pulses from the
shower counters. The e e mode was not used for this purpose, due to the
relatively large background from the radiative tail of the Bhabha scattez-

ing process, The result was:

by =
Tt = ¢a7a = 1.80%0.10 .

We expest the "anything* above to consist, at lsast partly, of an", since
«¥% is observed (unless tre pions are in an I = 1 state), The ratio
above bas the theoretical values 1,5, 1,0, and 3,0, for an isospin states
of 0, 1, ard 2, respectively (these becane 1,52, 1,00, and 3.10 for unifarm
phase space when the n°/n° mass difference is taken into account), Clearly
isospin-zero is preferred, hut the lack of good agreement cay result from
admiryture of other final states.

Correspondinc to the ratios presented above, there is the branching
ratico of cascade decays to all §' decays:

' - ¥ + anythi

= 0.5 x0.08 .,

It is of interest to lock at the recoil mras against the ¢ in reaction
{2) as determined from the u+|-\- decay, a relatively clean sasple, As seen
in Fig. 5, there is no peak at low mass indicating a decay of ¥' into a
singlu low pass particle, such as a y ar «°. Tha apparent absence of the

single x° cascade decay and the observed large branching ratis by two final
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atate pions in (1) indicates that the ¥ and ¥' have the same G parity, and
that G parity is, to a good approximation at least, preserved in the decay
process.

A study was also made of the exclusive chaanel:

¥ oo owe's (3

L. u*u- or e‘s- .

Here, a selection of the ¥ leptonic modes was made, and rather loose cuts
ioposed by energy-somentum ConServation to iisure that no particles were
unchserved in the b-prong event. FPigure § shows the very clean sample which
results, a subset of Pig. 3. The ratio between these sazples in in good
agreenent with the known leptonic decay branching ratio of the ¥, which is
about 144, This sample, consisting of about 350 events, was used to study
the final state distributions. That the decay (1) occurs predominantly
through S wave is supported by the chserved angular distribution for the
2x systen, which is consistent with isotropy, and the distribution of leptons
from § decay, which is consistent with 1 + cos® 8 (as well as with isotropy).
Purtherzore, the § angular distribution seens consistent with isotropy.

However, the H(x’n-) plot (shmm in Fig, 7} shows a rather strong sup-
pression of low mass states, and this is not due to instrumental effects
investigated thus far. In particular, it is not caused by a trigger bias
against the low-momentua pions, since the analysis required the trigger to
be satisfied by the ¥ decay leptaons a'sne, The incluaion of final stare 5-
wave interaction does not appear to bhe sufficient to explain the observed
distribution. Although the isotropic anguler distriwution suggests S-wave,
bigher anqular rotentusm states cannot be excluded, and vhe interpretation
of this masg distribution is still copen at this time.

The gpresent data sample and results of analysia of the y' is surmarized
in Table I, The principal conclusions which may be drawn at present, are
that the ¥{3.7) resesbles the ¥(3.1) in belng a very narrow resonance for
mach a large mass, and it has comparable coupling to the ete” state. How

eer, it decays with a large hranching ratio into the ¥, at a rate that



appears to be cuch less strangly suppressed than the direct decay .nto the
more usual hadron final states. That this cascade decays via two pions,

but not onc rlon, indicates that the ¢y and ¢' have the same ¢ qua:.cuo mun-
ber, which appears to be odd as determined from analysis of y decays. The
relative rates of decay of 3' — ¥ plus charged pions or undetected parti-
cles {neutrals) in the cascade decay seems to prefer an I = O f:nal pion

state, though this is an inference needing direct canfirmation,

I1. THE TOTAL CROSS SECTION A'D THE ENHANCEMENT AT 4.1 Gev

Leaving aside now the very sharp v resonance peaks which are the oost
spectacular features of the SFEAR data, we should take a careful look into
the "“foothills" of the cross-section p.l.n:r_.3

PFirst of all, let us look in Fig. 8 at the energy dependence of

0, ¢ {badrons)

R = —————+=— on & log scale. This shows clearly the beautiful work
Ugm(u w)

done several years ago at Orsay in studies of tha g, © and @, and the

"average" values from Frascati at intermadiate anergies, where the over-

o of h fgirst became evident. Following at higher
energies are current SPERR results showing the gererally smooth behavior of
R, relatlvely flat to about 3 5 GeV, then an enhancement vhose exact nature
is not yet clear, and finally at the highest energy values observed perhaps
a leveling off of R. The "busp~ appears much more striking on a linear
scale in Fig, 9, where thera is shown both R am LA The oeasured
values are generally spaced 0.2 GeV in (= JS), the c.n, energy, although
same data with finer resolution, 0.1 GeV, exists in the regions of the
¥(3.1) and the 4.1 emhancement,

The prior descriptions of the sharp resonances did not discuss very
=uch about backgrounds, correcticns and other analysis Jetails since the

signal was so large as to render scae of these corrections unnecessary {the

ihilation in the ¥ region is at cost about 0,1%). How-
ever, at the more civilized cross sections of 20-30 nb, the corrections are

oot negligible, and perhaps should be mentioned again hriefly to present a
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carplete picture, Tho trigger requires at least two charged tr.ucks within
the 0.65(4n) sensitive solid angle coverage, where the efficiency for each
track is well abave 90% for high momentun tracka, but drops rapidly for

monenta below 200 MeV/c. As described in the sarlier paper, a hadron event
was defined as having @ 3 tracks, or two tracks acoplanar by more than 20°

with small pulse height (oot electrans}. These cbaerved efficiencies and

P! are i in a Monte-Carlo prgran used to compute the
average efficiencies per event as a function of mmber of charged particles.
Froa these the true maltiplicities were derived through a set of sirultane-
©us eguations, and the average detectian efficiency, €, also determined. It
should be noted that these detecninations use a sodel by which the Honte-
Carlo events are gensrated, put the form of the model does not egter directly
into the determinaticn of €. That € is quite ipsensitive to the acdel was

wverified by using threa quite di podels (4 a jet model) which

predicted values for ¢ differing by only % 5%.

Background due to beam gas 1 ions was ined from the longi-

tudinal distributions of reconatructed vertices, which peak strongly in the

interaction region. Tha ien for this vas < 84 at all

energies. The contamination from photon-photon processes was ceasured using
small-angle electron tagying counters (20 zxad), and was appreciable only in
the two-prong events, varying between 8% and 3% from highest to loweat en-r-
gies, For 2 3 prongs, this type of contanination was 2 2% ?

The radiative tails due to the %(3.1) and ¢(3.7) were resaved, ani then

the resulting cross-section values for the rediative

eftects.

The normalization for |1'.° was the sacple of Bhabha events collected

tal
concurrently, the valldity of QED having been previously established in this
snergy range (except, of course, for the :est:nmr.::).5

Aajde fros thesa corrections, an estimated point-to-point systematic
uncertainty of 8% has been cocbined quadratically, Additional slowly vary-

ing systematic variations not includsd might exist av the 10%- 15% level, as



-8

well as an uncertainty in abgolute n¢rmalizetion of about 10%.

The principal strusture seen in Pig, @ is the peak at about L.! GeV,
having a width of 250- 300 HeV, and rising from a level of ~ 18 nal osutside
the peak to ~ 32 nb at the top. The iztegrated total cross secticn corre-
sponding to the peak is about 5.5 nb-GeV, a value coRparable to tha* of the
v and §', At present there is very little data available in the rezion of
the 4.1 Gev enhancement, because cross sections in this regic-. are relatiwvely
soall, and ro large amouat of running has been done at this energy. There-
fore, there aze at the ccoent no significant results on Zecay codes freso
the peak region. Howsver, a large a=ocunt of data doas exist just below the
peak at 3.8 Gev, and also abave the peak at 4.8 Gev., Studies of this enecgy

regionh are presently in progress, and no results are yet available. It is,

of courze, of great izp to this , whether as a
reagnance or A threshold effect, and particularly its possible relationship

to the two ¥ particles and the rise in R beginning at 3.6 GeV,

Table I. Preliminary Determination of Parameters of ¥(3.7) Resonance.

Quantity value Co=ment
Mass 3684 ¢ 5 Kev
J o ™ 3.7:0.9 pb-Kev

fartial fecay v.dth

to ce patrs, T 2.2:0.9 xav Spin J = 1 assuzed
Full wideh, T 200 keV < T < 800 kev
Hajor Decay Hodes Branchirg Ratio
W(3.7) » W31 a.3120.04
¥(3.7) = ¥(3.1) + anything 0.5720.08

G-Parity: Inferred to be the asane as ¥(3.1) due to above decay to ¥(3.1)xa,
and apparent absence of ¥(3.l)z mode. %o detrerminations yet from
direct (i,e., non-cascade) decays,

(13
2]
13

Inferred to be 1”, due to production via e e anoihilation, No
deternination yet fron interference with QED acplitude,
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FIGURE CAPTIONS

Pig. 1. Exapples of data taken in the early scan or search code, leading
to the discovery of the ¥{3,7). (a) Data taken in the vicinity of the
w(3.1) to confirm the sensitivity of the method, (b} data taken during
the run in which the ¥(3.7) was first found,

Pig. 2. The y(3.7) resonance peak as defined by much higher luminosities
per point, Some apparent fluctuations are due to a small current—
dependsncy of th- SPEAR bean energy width.

Fig, 3. Distribution of missing mass, M, opposize »*4~ in reaction(l), The
peak correspands to decays in which X = ¥{3.1).

Pic, 4. Effective mass distribution of ;' arising from ¥(1.7) decays.
The muons pairs coming from y(3.1) decay in the cascade deczj [2) are
well separated.

Pig, 5, Missing mass distribution for reaction (2). Note the ahsence of
any peak at low mass.

Pig, 6. Missing mass distribution similar vo Fig. 3, but for the subset of

events shown there which correspond to reaction (3) and in which the

observed particles satisfy overall gy conser ion, within
measurement 2rrors,

Pig, 7. Effective nass distribution of the n x pair from reaction (3).
The curve represents the prediction for uniform phase space carrected

for detector acceptance,
A u(hadrcns)

agenlutu™)

Pig, B. Log plot of R = vs totsl c.o. energy.

Pig. 9. (a) The total hadronic cross sectian, gy, V8 c.;. energy, W. (b)
R= "m”qm(“*“_) vs W. Corzections have been pade for the radiative

tails of the ¥(3.7) and ¥(3,1) rescnances.
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particles incident on the targets. Because the intensity of the
carbon beam was so much lower than the intensity available with
the other three types of beam particles, it was necessary to
bring the moniter mucihh closer to the target during this part

of the experiment. As a result, the telescope was placed within
six inches of the targets for the 12C runs. This was the
minimum distance allowed by the geometry of the target box.

The monitor of course only provided a relative normalization,
In order to get an absolute normalization for our cross sections
we needed to know precisely the incident flux. For this purpose
we used an ion chamber and a secondary emission monitor placed
in the primary beam upstream of our targets. The monitor was
calibrated against the ion chamber and SEM according to the
procedure described in section IV below.

The ion chamber itself was calibrated against a pair of
scintiliation counters placed directly in the beam in the following
way. The charge created in the ion chamber by the beam was
collected and measured by an electrometer. The full scale deflec-
tion of the meter which read out the electrometer charge could
be sdjusted from a maximum sensitivity of 3 x 107 up to 10 x 101?
incident charges per pulse. The charge produced in the ion chamber
is proportional to 22 where Z is the charge of the beam particles.
When a 12C beam was used, the reading of the ion chamber was about

36 times the number of particles which actually passed through it.
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Microscopic Models for Heavy lon Scattering
#

.
at Low, Intermediate and High Erergies
J. P. Vary and C. B Dover

Brookhaven National Laboratory, Upton, New York 11373

ARSTRACT and SIPMMARY

We trace the evolution with energy of 2 iowest-order microscopic
wodel for nucleus-aucleus interactions from 10 MeV/mucleon to 1 TeV/nue~
leon incidant energles. There are three essential questions imvestiga-
ted; first, what is the interaction adgd how carefully must we obtain
its ingredients; second, what is the appropriate dynamical framework in
which to employ this interaction; apnd third, for what processes do we
expect this lowest order model to be walid. To answer the £irst questiom,
ve present 2 development of an optical potential model obrtained by
folding the ‘densities of the interacting nuclei with a suitably remor-
malized nucleon-nucleon force, At low energies (< 50 MeV/nucleon)
there is sufficient data to demorstrate marked semsirivity to the cholces
of density and range af the elementary force. When the densities are

taken with correct asymptotic properties and the interaction has a

Work performed under the auspices of the U.5. Atomic Energy Commission.

¢ Invited paper for the Second High Energy Heavy lon Sumner Scudy,
Lavrence Berkeley Laboratory (July 15-26, 1974), presented by
J. P, Vary.



