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. ANALYSIS OF 1Tp ENHANCEMENTS IN 1T- + d· 
INTERACTIONS AT 3.2 BeV /c* ·. . · 

. Leo Seidlitz, t Orin I. Dahl, and Donald H. Miller 

Department of Physics· and Lawrence Radiation Laboratory 
University of California, Berkeley, California · 

June 16, 1965 

.· + ·. . In a study of multipion final states produced 1n TT p 1nteract1ons at 

3.65 BeV/c, Goldhaber et al. demonstrated that almost all 1T+1T+1T-p events 

0 *+-1. 0 + 1 proceed through either the p N ' or p TT p intermediate states. They found 

that the TT+ p0 effective-mass di~tribution, 
I + :; 

for the 1T p0 p events contains 

a broad enhancement (A+>._ in the inter~al 1.0 to L4 BeV. Subsequent analyses by 

other ... groups have shown that the enhancement in the TT±po system consists of two 

2 3 . . 
peaks: ' ·the A

1
(1080) with r = 80 to 140 MeV and the A 2{1310) with 

r = 80 to 100 MeV. The observation by Ch1,.mg et al. of what may reasonably be 
' . 

'
1 
interpreted as .the decays A 2 - K-K1 and A 2 - K

1 
K

1 
suggests that the A2 

. . . . 3 
enhancement represents a state with well-defined quantum numbers; they con-

clude that the most likely assignment is IGJP = 1- 2+. In contrast. the structure 

of the A 1 peak has remained obscure. No related decays have been established; 

in addition, several possible kinematic origins for the enhancement have been 

4.;...6 
suggested. i 

! 
To compare .the production ~nd\ decay properties of the A 1 and A2 systems 

in a variety of final states under simil~r kinematic conditions, we have analyzed 
. I 
1T-d interactions at 3.2 BeY/c. Thus far the final states 

\ . . . . . . . . . 

' . 

I 
\ 

\ 
\ 
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'IT-·+ d -- (p) n + 'IT- + 'IT- + 'IT+. 

- - + - (n} p + 'IT + 'IT + 'IT 

·and 

.- {p} p + 'IT:"+ 'IT +'ITO 

(2881 events) 

· ( 669 events} 

{1577 events) 

(ia) 

{1b) 

(1c) 

have been studied. Direct comparison of correlations with those observed in 

_'IT±p experiments is significant only for events representing interactions on a 

single nucleon. Consequently, all events with an unobserved proton {i.e., only 
. . 7 . . . 

three visible prongs) were measured; .. four-prong events were measured only 

when a clearly identified proton was present. With these criteria, the detection 

efficiency for (1b) decreases rapidly for events involving protons with laboratory 
. . ! :1: 

momenta pL > 800 MeV /c. Since the A enhancements in 'IT p interactions 
. . 2 

occur predominantly at 'low momentum-transfer-squared, D. .(p), this bias does 

not affect the present conclusions. After fitting, events were assigned to (1a, 
. 8 

b, or c) when the nucleon in parentheses had pL ~ 220 MeV /c. 

The combined M(N'IT) and M{'IT'IT) distributions for the two N'IT and 'IT'IT 

+ 0 -
1pairings are shown_ bythe dashed curves in Fig. 1. To distinguish the two 'IT ' 'IT 

pairs, w~ calculated D. 
2 

for each. We designate the pair with lower {higher) D. 
2 

by 'IT'IT1 ('1T'1T2 );. the associated N'IT pair ist~en:. N'IT2 (N'1T
1

). Distri.butions for the 

NTT2 ~nd TT'IT
1 

pairs are shown separately in the solid curves. The M(NTT2 ) 

distributions for e~ents in which the _TT'IT 
1 

pair lies in the · p interval_ (600 to 850 

MeV} are represented by the shaded areas in 1;.a; c·,· and e; the N* peaks in these 

. *· distributions correspond pr_edominantly to the N p final state. The M(TTTT 1) 

distributions associated with the N'IT2 pairs outside the N* intervals are shown 
' 

bythe shaded areas in i.b, d, and f. Events in the p inter;,als in these distribuftons to-

gether with those in the TT'ITz combinations are used in the final analysis. 
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. The structure in the ~p)ri.;r-11'-:.r+ final st~te is similar to that·observed 
, 1 , . • •, !! I I 

·in the char.ge-symmetric statep11'+11'+11'-~ 1 Th~ A2 selection in Figs. 1·a and 
' ' • \ I 

b provides a remarkably clean se~aration of the N*":' p0 eventso Some N*- and 
! 1 I I 

p0 production occurs in the n1r- 1 a~d 'IT+ 1T -= 2 pair~; however, the scatter plot 

<Jhows no additional enhancement in the overlapping N*- p0 bands for these pairs."· 

Correlations in the (n)p1T -1T -1T + events are similar to those reported for the 

analogous final state produced in 1T -p interactions at 3.2 ~eV /c .. 3 Although the 

N~0 p0 final'state is observed, the inset in 1 c indicates that N*++ is stronger. 

Most 11'+, s associated with theN*++ inte~val combine with 1r~ 1 to form p01 s; 

*'"I 
consequently, no unambiguous separation into N ° p0 events is possible. Some 

' 
0 . . . + - + - . ' *++ .. p . production occurs in both the '11' 1T 1 and 1T 11' 2 pairs outside the N interval.·. 

Struc.tu~e observed in the (p)p1T- 1T ":' 1r0 final state consists predominantly of 

. N*o p- formation in the p1T- 2 and 1r0 1T- 1 pairs; negligible p- production 

· ~cc.urs outside the N*o interval.· Some uncorrelated N*0 and· p- formation is 

present in the p1r- 1 and 1To1T-2 pairs. 

, 1 To compare the structure in 1rp systems produced in reactions (.1. a, b, and 
I 

c), we plot A 
2

(11'p) against M
2

(1Tp) in Fig .. · 2 for each final state. Events with 

. ~ . 

either n1T- pair (1a), the p1T+ pair (fb), or either ~1T- pair (1c) in theN* interval 

(1 120 to 1320 MeV) have been rejected. The M 2 (1rp) distribution for reaction (1 a) 

agrees qualitatively with that observed by Goldhaber et ~1~; i although a broad 
. .. 2 

enhancement occurs in the region 1.0 to 2.0 (BeV) , no clear separation of the A 
. 1 

and A2 peaks is achieve·d. Alternatively, for reaction (1 b), a well-defined peak 
2 . 2 . . 2 . 2 

is observed at M (1rp) - 1. 72 (BeV) f,or events with .0.15 <A (p) ~ 0. 7 (BeV /c) ; 

this is consistent with the results of Chung et al. 9 Altnolllt a.ll e~ents who.se a.s s:i.gn- : . · . 

. ment is ambiguous (pL ~ 220 MeV/ c for both nucleons) fall in the A 1 region;· when 

c. 
•· 
~ 
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· · ' ·the· projed:.io~s. in Figs. 2 d and e· · are added and ambiguous events used only . 

_once, the relative intensities in the .A1 and A 2 .enhancements tend toward those 

·· ·· ·observed in the 1r*p experiments. 

) 
'• ., 

It ;s important to note that the st'rong_ A 1 enhancements in both: ir-_p 0 
•. 

. . - . . ; . 2 . 2 . . 
plots are confined to eve.nts with l::. ('1Tr;>~0.15 {BeV/c} • In contrast. ~_analog·ous . · 

. effect is observed when ~~imil~r criteria are ~sed to select . 'IT- p- _combinations; iO · " .. 

withlii. statistics, the 11'~ p- plot suggests a unl!orm density for t::..2('1Tp) ~ 1_-(.BeV /~) 2 •. 
• • f - • . . • :I: 

, . Since the 1T d data reproduce the essential featu:es of the corresponding 'IT p 
. . . 

experiments, this difference probably cannot be attributed to the· pres erice of the '. . . 

additional nucleon l.n the final state. 
I • 

· Three diagrams which may contribute signifi.cantly to N1T'IT'IT final states 

·.: are shown in Fig. 3.- In {3 a), exchange of a G = - 1 system is allowed; when 

· ·-the exchanged particle is a pion (OPE) this diagram co_ntribute~ _strongly· to pN* 

events. i;t). The presence of the. ~ion ~ropagator implies th~t with incr~asing c. m. 

~energy, the OPE contribution tends to concentrate in the N:r 2 and 1T1Ti pair.s; 
' . . . . 

~~thl.s effect is pa;ticularly clear i~ the. (p) n1T-1T'-1T+ final state~, In (3 b), the ex.-
. ' . . . -. ' i . 2 . . . \ .. -

· _ changed system must have G = + ·_1; at low l::. {N), this diagram dominates in the 
I . 

produ~tion of resonant systems whose ~ecay into 31T is strong. Diagram (3 c) :-: .; !. ,·.~_,; ,,. 
. ·. . \ 

represents :a mechanism suggested by Nauenberg and Pais for generation of peaks 
. ·. . 4 . - - \ - - ': ' .. - ._ . . ·. 

in 31T . s;ystems. For real particl~s, ·1r- Y c scattering would show a peak ,in the 
. I \ 

mass re.gion where the decay pion !'rom Y c can combine with the incident 1T to 

form. Y 1 ;. enhancements associated with this mechanism would result from the c - : . -
. I 12 

se·quence 1T ~ p- 1T ;_- 1T + 11'- p' + 'IT~. 
I 

- . \ . . I -
The observed 1Tp s.tructure may be compared with predictions for the . · 

. I· . . 
d.ia.gra~s in Fig. 3. We note first that a low mass '!Tp enhancem~·nt cc;>rrespo.nd~. ·· 

; ... 

. . . 

i •. 

.. 
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to ·a strongly peaked angular distribution .in the nN c. m. Deck has pointed out 

that diagram 3 a leads to this configuration if the .6. 
2 

dependence for virtual 1rN 

5 13 · scattering at vertex I a is similar to that for the free nN system. • This 

mechanism also accounts naturally for the observed concentration of A1. events 

2 2 
at .6. (1T-p 0 )~0.15 (BeV/c). Sincevertex Ia represents 1r

0 +n-1T-+p forthe 

(p)p1T_1T_1T0 final state, the absence of a significant A~- enhancement may be 

* .attributed to the small charge-exchange cross section for ene;gies above the N 

region. 

In diagram 3b, we assume that the Tip enhancements result from decay of 

resonant states with I = 1 or 2, If we neglect absorptive effects, the relative 
l 

production rates of the observed decay modes for reactions (1 a, b, and c) are 

1 : 1 : 0; . and 1 : 1 : 8 for I= 1 and 2, respectively. The distributions in Fig. 2 

are consistent with the I= 1 assignment for the A 1 or A 2; there is no possibility 
' 

for interpretation of either enhancement as an I= 2 resonant state. However, it 

:is important to note.that the concentration of .A1 events.at D-
2

(1Tp) ~0.15 (BeV/c)
2 

'is not expected for production of a resonant state through p exchange. For ex­

ample, in a study of the reaction 1T + + n(p} - w + p (p) at 3,25 BeV /c, Cohn et al. 14 

. find significant production of ~ in the D-
2 

interval 0 to: 0.6 (BeV/ c) 
2

. In contrast 

to the distribution of D-
2

(1Tp) for the A
1 

events, that for A2 is similar to the 

1-3· 
distribution observed in w production, 

If we assume that Y c and Y c t are p1 s, relative production rates through 

diagram 3 c are 1 : 1 :. 2. Since no A-
1
- enhancement is observed, and the A 2 

is almost certainly a state with IGJP = 1- 2+, this mechanism may be rejected. 

An alternative kinematic origin for the .A1 enhancement has been proposed 

by Chang. 
6 Sin~e- each final state contains ·t\~o identical pions, ~ymmetrizatioh 

> • 

results in a protluttion amplitude of the approximate form Mp = M
0 

(D 13 + D23 j, 



·, -6-

where -Dij is the p propagator leading .to 1f,1f •··• 
l J 

He notes that constructive 

interference can occur only for ·both D ~ 2 I 0 and n 23 I 0, i. ~. , in the c.·m. 

energy region where both· .1T'IT combinations may form p' s. Since the dominant 

p production amplitudes for interference presumably result from diagram 3 a, no 

direct test for distinguishing the two kinematic mechanisms is available. 

We conclude that the absence of any significant 'IT- p- enhancements pre-

eludes the interpretation of either the A 1 or A2 as an I = 2 resonant state. 

The observed 1rp enhancements in the A 1 ·region are in qualitative agreement 

with predictions for the kinematic mechanism proposed by Deck~ Alternatively, 

the A 1 may represent a broad resonance with I= 1. The data agree with the 

I= 1 assignment for the A 2• 
15 

•'. 
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7. Approximately 65o/o of the events measured had only three visible prongs; these· 

correspond to a projected length .less than .1.5 mm for the low momentum 

recoil.. The fitting progran>. treated the unseen proton as a measured track 

with momentum components equal to zero but having appropriate errors. in thE 

· x, y, and z directions. For the four-constraint final state, ppiT- iT-, the 

resulting momentum distribution for the lower-momentum proton is con-

sistent with the Hulthen di'stribution. With the weaker constraints in 

reactions 1, the momentum distribution for unm.easured protons ten'ds to 

peak at zero; the distribution for measured protons (pL~ 80 MeV /c) is 

consistent with the Hulthen distribution. 

This distortion has no significant effect on M{·iT-,.-,.+) because the three 

pions are measured. It is difficult. to estimate the .effect on M(~-iT-iT0 )l 
I ;~ 

' '· . . . ~: 

although the poorer resolution is probably reflected in the' observed width· 
• ~ .I . 

of the pd (140 MeV)anci"oftreP- {180 MeV). 
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,. . 8~. An ac!ditiol\&1100 eventa contained ~o nucleon. with pL ~ 220. MeY_/ c; in 

167 events bOth the neut:r0n and proton had pL ~ ZZO MoVie~ . Since the 

aaalgnment of ~vents ls obscured when bOth nucleons have low mo~entum., 
' 

alternate aelectlono were tri~cl. For the pX"esont.analysio, 30 "double· 

· ~ •pectator" cventa are used in Fig. 2d only, 46 1n Ze only, and Z3 in 

both. The second eeloction·in which each event is assigned only to the 

flnal state corresponding to· the lower•momentum nucleon, led to elmilar 

. · ... 2· ! .• ~- :- concluaione. . 

: 9. Althou~h Chun~ et al. 3 oble:rved the A1. and A2 p~aka.tor ~2(p)< 0.65 (BeV /c)2, 
. . . . . z . ' 

they find that, after deletion o! events. with t:i. (p)< 0.15, there ie a eim!lar 

emphasis o! the Az. pe~ with respect to the At• Pri~ate communication.· 

tO. When events with. MtMrz) ln the N* ~ntel"Vai are not removed, all fiw otates 

~ontain a strong vp enhancement throqhout·the A 1 region at· 

A2(trp)< o.ts (BeV/c)2• 

M. AboUna, R. L. Lander, W. A. Mehlhop, Ng. h. Xuong, and P.M. Yagor, 

Pbye. Rev. Letters u., 381 (1963). · -
· tz. Sio c. Goebel, Phys. Rev. Letters 13, 143 (i 964) in which a further analysis -. 

of tbia. mechanism demonstrates that it cannot produce an enhancement ln 

the 1rp eyatem by virtual p exChange. 

t3. Alternatively, a genuine flp enhancement at low maso may erroneously lead. 

· to the concluelon that virtual 'lrN ocattering ita al~lar to that for thG free 

wN ayatem. Abolln• et al. (Proc. Second Athens Toeical Conference on 
. \ 

.Resonant Particles, t 965, to be publiehod) have described o. test lor the 

mechaniam proposed by Deck. In the vN e. m. , ·events are divided into 

thoeo in which the nucleon goeo forward or backward. wltb respect to tho 

iAcl~ont beam clirectiou. They find that the low•maoa vp enhancement. 

occur• oady in the forWard events. However, this ls no more than a 

re•tatemeni qf the fact that the ~1 enhancement occurs at low A·2 • 
. ' 
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H. 0. Cohn, W~ M. Bugg, and G. T. Condo, Phys. Letters~, 344 {1965). 
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Similar conclusions have .been reJched by the La Jolla group in a. study of 

TT- + d interactions at 3.7 BeV)c, {N. Xuong and R •. Lande'r,. University 
\ . \ . . . . 

. of c'alifornia, La Jolla, private 1,communication.) .. i 
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Fig~.' t;' ·:Distributions of the invariant mass. of N1r a~d 1nr .pairso 
. . . : The dotted 

li~es represent two combfnations per event~·· .The· one combination per. 

e~ent for whlch A2 (1nr) is the low~r is rep~esented by ~he solid lines. 

Fig~ 2~ · (a), (b), and (c) Chew-Low. plots of the 1Tp systems in .reactions i a, b, . · 

and c, respectively. (d), (e), (f;), (1~), (h),. and (i) Projections of mass-
I. 

squared (1Tp) for the same reactions. In all plots,· events were excluded 

if ~eith~r 1T +, 
0 

1T- pair was in the p interval (600 to 850 MeV). Events 

with either n1r -· pair (a), the p1T + pair (b), or either p1T- pair (c) in 

the N* interval (1120 to 1320 MeV) were excluded~ .. 

Fig. 3. Diagrams considered in the production of 1Tp enhancements.· 
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This report was prepared as an account of Government 

sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­

mation, apparatus, method, or process disclosed in 

this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or ~mployee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






