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An an si l y s i s o f d a t a a t t h e >{f(3-7) r e sonance g i v e s a p a r t i a l w i d t h t o 
e l e c t r o n s , T e = 2 . 2 ± 0 . 5 keV, and l i m i t s on t o t a l w i d t h 2O0 keV < r < 800 
keV. The decay # ( 3 - 7 ) -» • ( 3 - l ) n + n ~ i s observed w i t h a b r a n c h i n g r a t i o 
0 . 3 1 + O.Ot, and v ( 3 - T ) -* • ( 3 - 1 ) + a n y t h i n g has a b r a n c h i n g r a t i o o f 
O.5U.±0.08. The (r r e s o n a n c e s appea r t o have t h e same G - p a r i t y . 

An enhancement o c c u r s i n t h e t o t a l had ron i c c r o s s s e c t i o n a t a c m . 
energy of abou t U . l GeV, r i s i n g t o about 32 nb from a l e v e l of 1 3 nb a d j a 
c e n t t o p e a k , which i s a b o u t 300 MeV w i d e . The i n t e g r a t e d c r o s s s e c t i o n 
f o r t h e peak i s a b o u t 5 . 5 nb-GeV, comparable t o t h a t f o r t h e tf(3-7) and 
+ ( 3 . 1 ) r e s o n a n c e s . 

Une a n a l y s e des n e s u r e s e x p e r i n e n t a l e s su r l a r e s o n a n c e *( 3-7) donne 
tine l a r g e u r p a r t i e l l e p o u r l a d i s i n t e g r a t i o n en une p a i r e d" e l e c t r o n s , I" e = 
2 . 2 ± 0 . 5 keV, e t d e s l i n i t e s s u r l a l a r g e u r t o t a l e , 2CO keV < P < 800 keV. 
La d i s i n t e g r a t i o n * t 3 - 7 ) -* * (3 .1 )n*n~ e s t o b s e r v e s avec un r a p p o r t d'em-
branchenen t de 0 . 3 1 + O.ok, e t » t 3 - 7 ) -* * ( 3 . ! ) + n ' i m p o r t e q u o i a un r a p 
p o r t d*emhranchement de 0 . 5 ^ - O . 0 6 . Les resonances # s e n b l e n t a v o i r l a 
oSTTie p a r i t e - G. 

One hausse de l a s e c t i o n e f f i c a c e t o t a l e had ron ique s e p r o d u i t a une 
e n e r g i e dans l e c e n t r e de masse de I t . l GeV. La s e c t i o n e f f i c a c e monte de 
s e n n iveau de 16 nb a d e s e n e r g i e s a v o i s i n a n t e s j u s q u ' a 32 nb avec une 
l a r g e u r d ' a peu p r e s 300 MeV. L ' i n t e ' g r a l e de l a s e c t i o n e f f i c a c e pour 
c e t t e s t r u c t u r e e s t approx imat ivement 5 .5 nb-GeV, comparab le a c e l l e s des 
r e s o n a n c e s * ( 3 - 7 ) e t ^ ( J - 1 ) -
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I. M3.7) 
Following the discovery of the ^(3>l)» a systematic search was initi

ated to look for other very narrow resonances. The method of search has 

been described previously, but can be briefly explained as an automatic 

ramping of the SPEAR beam energy by — 1 HeV steps every few minutes, the 

data collected at each energy being processed on-line by the SIAC IBH 168 

computer complex. By this means, the cross sections were immediately com

puted in very fine steps (£E — 2 HeV} although with large statistical 

errors. However, this technique was more than adequate in detecting narrow 

resonances as was proven by going back over the t(3-l) resonance, which was 

seen clearly, and, much more importantly, by the discovery of the +(3-7) 

soon after the search began (see Fig. 1). The sensitivity was such that 

resonances having c h a , s.t the peak greater than a few hundred nb would have 

been detected. 

Shortly after observing the +', the shape of the peak was carefully 

mapped out as illustrated in Fig. 2, in order to obtain T by integration 

of the cross section, as was done for the if. The result after radiative 

corrections is: 

/ o , dw = 3-7*0-9 nb-GeV . 

This is about a factor of 3 less than for the •. To obtain the width to 

the e e channel and the total width, it is neces iry to know the branching 

ratio into e e , or into \i u , if u-e universality is assumed. First 

attempts to observe the leptonic modes were disappointing, only the slight

est suggestion of any enhancement being visible. Soon it became clear that 

the situation was rather complex, since it was discovered that the t' de-
2 cayed into the f part of the time, and since the • subsequently decayed 

into leptons, that decay mode must be distinguished from those due to direct 

decay of the + '. We will return to discuss the V cascade decay in a moment. 

*Within this paper we will subsequently refer to the t(3.7) as + ' and 
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Although the e e decay node of the • ' was difficult to separate from the 

dominant t-channel Bhabha background, as well as froo the it electron decay 

node, the u u node was more easily isolated, as will be seen. Subtracting 

the CED background, the branching ra t io to nuons is found: 

I f we assume u-e universality and the spin assignment J = 1, then the 

widths are determined; 

T (* ') =* 2.2 + 0.5 keV , 

2oo JteV < F{*') < 500 kev . 

The electron width determination i s nearly independent of the lepton ra t io , 

because the l a t t e r i s so m a l l , and the errors an r ref lec t j u s t the 

uncertainty of / 0 ^ - dW. The large uncertainty in the l imit on the total 

width cones about part ly from the background subtraction, which i s reflected 

in the \L u branching r a t i o , but also from the possible contribution due to 

interference with the QED amplitude. The presence or extent of the inter

ference has not yet been investigated in de ta i l experimentally. The expec

ta t ion i s to obtain a ouch aore precise determination of these quanti t ies 

when more data i s collected. The position of the peak i s known more accu

ra te ly than originally, due to recalibration of a f l ip co i l used to deter

mine the SPEAB nagnetic guide f ie ld. The new value is 3-6*81* ± 0.005 GeV. 

I t should be noted that the <r', although very narrow, seens to be catkedly 

broader than the #. 

Let us now exanine in more de ta i l the decay 

• • - * H V , (1) 

the Bode by which th is cascade decay was discovered. Fron a saaple of about 

3^000 evenb3( the missing nass distr ibution shown in Fig. 3 * a s obtained, 

showing conclusive evidence for decay (1). The branching r a t io for decay 

by ( l ) was deternined, after sui table efficiency corrections and background 

subtraction: 
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The branching rat io for the inclusive decay, 

*' - * + X (2) 

-» U U 

was al^o found, by isolating the muon pair decays of the 9, and scaling by 

the known leptonic branching r a t io of the •. Figure k shows the square of 

the effective u \i mass, and the events corresponding to f decay in {2} are 

clearly separated, Approximately 8oo events correspond to reaction (£) . 

Here, the highest comentua posi t ive and negative part icles have been chosen, 

and e e decays have been eliminated by requiring small pulses from the 

shower counters. The e e mode was not used for th i s purpose, due to the 

re la t ive ly large background from the radiative t a i l of the Bhabha sca t ter 

ing process. The resul t was: 

?it' z VJT**^ - 1-eoio.io. 
We expect the "anything" above to consist , a t least partly, of 2s , since 

r. it i s observed (unless the pions are in an 1 = 1 s t a t e ) . The r a t io 

above has the theoretical values 1.5, 1.0, and 3.0, for an isospin s ta tes 

of O, 1, and 2, respectively (these become I.52, 1.00, and 3.10 for uniform 

phase space when the »~/n mass difference is taken into account). Clearly 

isosjin-zero is preferred, hut the lack of good agreement cay resul t from 

admijrture of other final s t a tes . 

Correspondinc to the ra t ios presented above, there i s the branching 

r a t io of cascade decays to a l l f decays: 

r t i s of interest to look, a t the recoi l mass against the + in reaction 

(2) as determined fraca the u u decay, a relatively clean sample. As seen 

in Fig. 5, there i s no peak a t low mass indicating a decay of *• into a 

single JLow mass par t ic le , such as a y ox a . The apparent absence of the 

single a cascade decay and the observed large branching r a t io by two final 
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s ta te pious in (1) indicates that the • and ijr' have the same G par i ty , and 

that G parity i s , to a good approximation at least , preserved in the decay 

process. 

A study was also made of the exclusive channel: 

*• -* * s V (3) 
I + - * -

"-* u tt or B e 

Here, a selection of the + leptonic modes was oade, and rather loose cuts 

imposed by energy-tsot&entum conservation to i_isure that no pa r t i c l e s were 

unobserved in the Ij-prong event. Figure 6 shows the very clean sample vhich 

resu l t s , a subset or Fig. 3. The rat io between these samples in in good 

agreement with the known leptonic decay branching ra t io of the ijr, which is 

about llf%. This saaple, consisting of about 350 events, was used to study 

the final s ta te d is t r ibut ions . That the decay ( l ) occurs predominantly 

through S wave i s supported by the observed angular d is t r ibut ion for the 

2x systaa, which i s consistent with isotropy, and the d is t r ibut ion of leptons 

from t decay, which i s consistent with 1 + cos 0 (as well as with isotropy). 

furthermore, the if *"gul*r dis t r ibut ion seems consistent with isotropy. 

However, the H(JT B~) p lo t (shown in Fig. 7; shows a rather strong sup

pression of low mass states^ and th is i s not due to instrumental effects 

investigated thus far. In par t icular , i t i s not caused by a t r igger bias 

against the low-momentuo pjons, since the analysis required the t r igger to 

be satisfied by the • decay leptons a 1 jtve. The inclusion of f inal s t a t e s-

wave interaction does not appear to he sufficient to explain the observed 

distr ibution. AlMujuga the isotropic angular distr ibution suggests S-wave, 

higher angular comentum s ta tes cannot be excluded, and ."-he interpretat ion 

of th i s oass distr ibution i s s t i l l open at this time. 

The present data sample and results of analysis of the if' i s suraarized 

i n Table I . The principal conclusions which nay be drawn a t present , are 

t ha t the tr(3.7) resenbles the #(3. l ) in being a very narrow resonance for 

such a large nass, and i t has comparable coupling to the e e s t a t e . How-

e'"er, i t decays with a large branching ra t io into the $, a t a r a t e that 
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a p p g o r s t o be raich l e a s s t r o n g l y s u p p r e s s e d than t h e d i r e c t decay . n t o t h e 

more u s u a l hadron f i n a l s t a t e s . Tha t t h i s cascade decays v i a two p i o n s , 

b u t n o t one *"lon, i n d i c a t e s t h a t t h e V and # ' have t h e same G *iua:.cuta num

b e r , which appears t o be odd a s d e t e r m i n e d f r o a a n a l y s i s of i d e c a y s . The 

r e l a t i v e r a c e s of decay of $ ' -« f p l u s charged p i o n s or u n d e t e c t e d p a r t i 

c l e s ( n e u t r a l s ) in t h e c a s c a d e decay seems t o p r e f e r an 1 = 0 f i n a l p i o n 

s t a t e , though t h i s i s an i n f e r e n c e need ing d i r e c t c o n f i r m a t i o n . 

I I . THE TOTAL CROSS. SECTIOM AID THE EKHA1CEHEHT AT U . l GeV 

Leaving a s i d e now t h e v e r y s h a r p v resonance peaks which a r e t h e most 

s p e c t a c u l a r f e a t u r e s of t h e SPEAR d a t a , v e should t a k e a c a r e f u l look i n t o 

t h e " f o o t h i l l s " of t h e c r o s s - s e c t i o n p l o t . 3 

F i r s t of a l l , l e t u s look i n P i g . 8 a t t h e energy dependence of 
o (had rons ) 

R = ———* on a l o g s c a l e . T h i s snows c l e a r l y t h e b e a u t i f u l work 
opotnV) 

done s e v e r a l y e a r s ago a t Orsay i n s t u d i e s of t h e p , to and <p, and t h e 

" a v e r a g e " v a l u e s from P r a s c a t i a t i n t e r m e d i a t e a n e r g i c s , v h e r * t h e o v e r -

abundan t p r o d u c t i o n of h a d r o n s f i r s t became e v i d e n t . Fo l lowing a t h i g h e r 

e n e r g i e s a r e c u r r e n t SPEAR r e s u l t s showing t h e g e n e r a l l y smooth b e h a v i o r of 

R, r e l a t i v e l y f l a t t o about 3 .6 GeV, t h e n an enhancement whose e x a c t n a t u r e 

i s n o t y e t c l e a r , and f i n a l l y a t t h e h i g h e s t energy v a l u e s obse rved p e r h a p s 

a l e v e l i n g o f f of R. The "bump" a p p e a r s such n j r e s t r i k i n g on a l i n e a r 

S c a l e i n F i g . 9 , where t h e r e i s shown b o t h B and a. . . The measured 

v a l u e s a r e g e n e r a l l y spaced 0 . 2 GeV i n U ( 3 V S ) , t h e c . n . e n e r g y , a l t h o u g h 

s a n e d a t a w i th f i n e r r e s o l u t i o n , 0 . 1 GeV, e x i s t s i n t h e r e g i o n s of t h e 

+ ( 3 - l ) and t h e k.1 enhancement. 

The p r i o r d e s c r i p t i o n s of t h e s h a r p resonances d id no t d i s c u s s v e r y 

s u c h abou t backgrounds , c o r r e c t i o n s and o t h e r a n a l y s i s d e t a i l s s i n c e t h e 

s i g n a l was so l a r g e a s t o r e n d e r some of t h e s e c o r r e c t i o n s u n n e c e s s a r y ( t h e 

n o n - a n n i h i l a t i o n background i n t h e t r e g i o n i s a t c o s t abou t 0 . 1 ^ 1 . Bow-

e v e r , a t t h e more c i v i l i z e d c r o s s s e c t i o n s of 20-30 nb , t h e c o r r e c t i o n s a r e 

n o t n e g l i g i b l e , and p e r h a p s shou ld be mentioned aga in b r i e f l y t o pret>ent a 
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ccc-plete picture. The t r igger requires at least two charged t i icks within 

the 0.6s(Un) sensit ive solid angle coverage, where the efficiency for each 

track is well above 9°j£ for high nomentma tracks, but drops rapidly for 

meoenta below 200 HeV/c. As described in the earlier paper, a hadron event 

was defined as having 2 3 t racks , or two tracks acoplanar by core than 20 

with saall pulse height (not electrons). These observed efficiencies and 

acceptances are incorporated in a ttonte-Carlo proqran used to compute the 

average efficiencies per event as a function of nuabex of charged part icles . 

Frota these the t rue railtiplicities were derived through a set of simultane

ous equations, and the average detection efficiency, "?, also determined. I t 

should be noted that these determinations use a model by which the Honte-

Carlo events are generated, cut the fore of the sodel does not enter directly 

into the determination of *c. That "c i s quite insensitive to the oodel was 

verified by using three quit* different models (including a j e t taodel) which 

predicted values for "t differing by only t 54. 

Background due to beam gaa interactions was determined froa the longi

tudinal distr ibutions of reconstructed vertices, which peak strongly in the 

interaction region. The subtraction for th is background was < 8$ a t a l l 

energies. The contasination free photon-photon processes was ceasured using 

•Mil-angle electron tagging counters (20 arsd) , and was appreciable only iv\ 

the two-prong events, varying between 8f and 3% froa highest to lowest er.-r-

gies. For 2 3 prongs, t h i s type of contanination was £±2^ . / 

The radiative t a i l s due to the *(3. l) and *(3.7) were reaoved, anr, then 

the resulting cross-section values corrected for the nonresoaam: radiative 

effects. 

The nortiftliaation for o . ^ . . , was the scrapie of Bhabha events collected 

concurrently, the val id i ty of QH) having been previously established in th is 

energy range (except, of course, for the resonances). 

Aside fro» these corrections, an estimated point-to-point systematic 

uncertainty of 8% has been cocbined quadratically. Additional slowly vary

ing systeaatic variations not included might exist a t the l o £ - 159» level , as 
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wcll as an uncertainty in absolute ncrnalizttion of about 10%. 

The principal structure seen in Pig. 9 is the peak at about h. 1 GcV, 

having a width oi 250- 300 HeV, and rising iron a level of - 18 nl» outside 

the peak to — 32 nb at the top. The integrated to ta l cross sectit".i corre

sponding to the peak is about 5-5 nb-GeV, a value conparable to th-»r of the 

V and fr'. At present there i s very l i t t l e data available in the re-?ion of 

the U.l GeV enhancement, because cross sections in this regi"". ore relatively 

sna i l , and no large aaount of running has been done at thLs energy. There

fore, there are at the cement no significant results on i«»cay codes frcr. 

the peak region. However, a large amount of data does exist just below the 

peak at 3*9 GeV, and also above the peak, a t U.B GeV. Studies of th i s energy 

region are presently In progress, and no results are yet available. I t i s , 

of course, of great importance t o understand this enhancement, whether as a 

resonance or a threshold effect , and particularly i t s possible relat ionship 

to the two f par t ic les and the r i s e in R beginning a t 3.6 GeV, 

Table I . Preliminary Determination of Parameters of #(3.7) Re so nance. 

Value 

368fc±5 H«V 

3 .7*0 .9 nb-KeV 

2 . 2 * 0 . 5 ksV Spin J a 1 assuned 

Pull width, r 200 keV < T < 60a keV 

Major Decay Modes Branchirg Ratio 

J hhA 
par t ia l -lecay 

t o ee pairs , 
vldth 
r 

e 

#(3-7) -• * ( 3 . i ) a V 0.3110.0^ 

*(3-7) -• *(3-l) + anything 0.57±°-°8 

G-Parity: Inferred to be the sane as #(3.1) due to above decay to #(3.1)1111, 
and apparent absence of #(3. l)a mode. 9o determinations yet from 
direct ( i . e . , non-cascade) decays, 

Spin: Inferred to be 1~, due to production via e e annihilat ion. Ho 
determination yet from Interference with QED amplitude. 
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FIGURE CAPTIONS 

Fig. 1. Examples 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 

v( 3.1) to confirm the sensitivity of the method, (b) data taken during 

the run in which the $(3.7) was first found. 

Fig. 2. The Y(3«7) resonance peak as defined by much higher luminosities 

per point. Some apparent fluctuations are due to a small current-

depentisncy of th- SPEAR beam energy width. 

Fig, 3* Distribution of missing oass, M . opposite * + H ~ in reaction (1). The 

peak corresponds to decays in which X = $(3-1). 

Fie. k. Effective mass distribution of u n arising from t(3«7) decays. 

The nmons pairs cooing froa ijrf 3.1) decay in the cascade deesy {') art-

veil Geoarated. 

Fig. 5. Hissing mass distribution for reaction (2). Note the absence of 

any peak at low mass. 

Fig. 6. Hissing mass distribution similar to Fig. 3, but for the subset of 

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

observed particles satisfy overall moaentun- energy conservation, within 

measurement errors. 

Fig. 7. Effective mass distribution of the n a" pair from reaction (3). 

The curve represents the prediction for uniform phase space corrected 

for detector acceptance. 
a (hadrons) 

Fig. 8- Log plot of R = = vs total c.n. energy. 
O Q E D ( U + U _ ) 

Pig. g. (a) The total hadronic cross section, a„, vs c.m. energy, W. (b) 

R = a—/$n-n(\i u ) vs W. Corrections have been made for the radiative 

tails of the i(f(3.7) and *(3.l) resonances. 
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particles incident on the targets. Because the intensity of the 
carbon beam wss so much lower than the intensity available with 
the other three typ^s of beam particles, it was necessary to 
bring the monitor muoi closer to the target during this part 
of the experiment. As a result, the telescope was placed within 

12 six inches of the targets for the C 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 
scintillation 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 adjusted from a maximum sensitivity of 3 x I0 7 up to 10 x 1 0 1 0 

incident charges per pulse. The charge produced in the ion chamber 
is proportional to Z 2 where Z is the charge of the beam particles. 
Mien a C beam was used, the reading of the ion chamber was about 
36 times the number of particles which actually passed through it. 



- 1 6 -

200 

100 

—nfVuup-n-Ji nflrir^s, „,ts J^ • ^ • ^ n r v , ^ i - ^ . 0 
2.8 2.9 3.0 3.1 3.2 3.3 

M x ( GeV ) 
XBL 753 430 

Fig. 6 



y 
CD 

> 

O 

o 

50 r-

40 

30 

20 

1 0 

fl 

IT 

L\ 
n...SlF. 0 

0.2 0.3 0.4 0.5 0.6 0.7 

M ( T T + 7 T - ) ( GeV ) 
XBL7J3-53I 

Fig. 7 



-18-

100 

10 

I I I 1 I I I I I I I I I I I I I 1 I I I I I 1 I 
C J l 7 8 3 ) | !<£(I020) <//(3IOO) 1^(3700) 
;p(770)l ' ip'(l600) 

* I { ! { • * ' • « • • • * 
•N 4 • •=» 

Q I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

0 1 2 * 4 5 

XBL 753-532 

Fig. 6 



-197-

Hicroscopic Models for Heavy Ion Sca t t e r ing 

a t Low, In termedia te and High Er-ergies 

J. P . Vary and C- B Dover 

Brookhaven Nat iona l Laboratory, Upton, Hew York 11973 

ABSTRACT and SUMMARY 

We t race the evolut ion wi th energy of a lowest-order microscopic 

model for nucleus-nucleus i n t e r a c t i o n s from 10 MeV/nucleon t o 1 TeV/nuc-

leon incident ene rg ies . There a r e th ree e s s e n t i a l ques t ions i nves t iga 

t ed ; f i r s t , what i s the i n t e r a c t i o n and how care fu l ly o u s t we obta in 

i t s ingred ien ts ; second, what i s the appropria te dynamical fraEework in 

which to employ t h i s i n t e r a c t i o n ; and t h i r d , for what p rocesses da we 

expect t h i s lowest order model t o be va l i d . To answer t he f i r s t quest ion, 

we present a development of an o p t i c a l po t en t i a l model obta ined by 

folding t h e ' d e n s i t i e s of the i n t e r a c t i n g nuc le i with a su i t ab ly renor-

aa l i zed nucleon-nucleon fo r ce . At low energies (< 50 MeV/nucleon) 

the re i s suf f ic ien t data to demonstrate marked s e n s i t i v i t y to the choices 

of density and range of the elementary force. When the d e n s i t i e s a re 

taken with cor rec t asyraptotic p roper t i e s and the i n t e r a c t i o n has a 

* Work performed under t he auspices of the U.S. Atomic Energy Commission. 
/ Invited paper for the Second High Energy Heavy Ion Sunnier Study, 

Lawrence Berkeley Laboratory (July 15-26, 1974), presented by 
J . P. Vary. 


