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h ABSTRACT
 We present results of two high-statistics bubble chamber measure-

++ at incident momenta of 2.67 and

- ments of the reaction Tl’+p - W' A
7.1 GeV/c. The energy dependence of the natural parity exchange pro-
-jection gives a Regge trajectory consistent with the accepted p trajec- '

tory. The unratural parity exchange projection gives a B trajectory

. B " consistent with our current knowledge of the pion trajectory.
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We report the 'restiits 6f two hig};-statistics bubble chamber mea-
surements of the>differential' cross secti/o'n and w® decay angular distri-’
butions for the reaction 1'r+p - mj’A++ at the incident momenta of 2.67
and 7.1 GeV/c. _ The &ata are Iana.lyze& in termé of the quantum ;mmber‘s
ekch;nged in the t-channel. The w debcay distributions are used to pro-
ject out the exchange contributions of specific spin-parity series a‘nd w
helicities. The high statistics allows us to use the energy dep;pdence
a.tw'sever‘al values of the momentum transfer to caléu.late the corre-
sponding effective Regge ltrajeétories. ‘

Tﬁe measurements are based on a.300K‘picture (2.767 GeV/c) ex~

posure of the 25 inch hydrogen bubble chamb_‘er at the Bevatron and a

. 700K picture (7.1 GeV/c‘)-exposure of the 82 inch bubble chamber at

SLAC. The four-prong events were fit to the hypothesis 1'r+>p-1r+p1r+‘
At 2.67 GeV/c events sétisfying the 1-C hypotheéis were additionally
;:onstrained to thé 2-C hypothesis 1r+pf» 'rr+pw followed by w-— otr e .
Tixe criterion XZ(ZC) -,xz(ic)s 10 was then used to define the ‘sample.
At 7.1 GeV/c the w sample waé defined by the mass intériral 0.760

GeV = M('rr+1r-1'r' )< 0.805 GeV. At both momenta the mass interval

1.16 GeV = M(1'r+p) = 1.28 GéV was tHen used to select A++ events.

Further details about the measurement, constraint, and normalization -

"are described elsewhere [1,2], but a brief summary of the results is

éiven in table 1. 3

" For the total and differential crross se.ctions a detailed background
subtraction was made. For the decay angular distributions no correc-
tion for baékgroupd was made. The selected w° A++‘ sample at 7.1 GeV/c

contains about 8% back\ground below the momentum transfer | t,l = 0.7

(GeV/c)2 and about 16% for the higher i t‘ values. The sample at

- 2.67 GeV/c contains about 20% background below’ ‘ t-i = 0.8 (GeV/c)Z,

T

“2-

rising to about 40% for the higher I t]. valués. The background is ap-
proximately evenly distributed befween « non &Yt and A** non w*
events. |
In order to isolate the contributions to the cross section of a given

spin-parity series, we form the following combinations[3,4]:

(a) Poo do /dt r‘negsures the :.o helicity non-flip umxat-urﬁ parity (B) ’
exchangé, ' .
. (b) (pi’ 1 + pi’ _1) do /dt measures the w heliéity flip natural parity
(>p) exchange.
' :\(.c) (Pi, 4 ,-pi’_i)do /dt measures the w helicity flip unnatural p#rity
(B) exchange. »

(d) "Letting p+ =Py + p1, 1’ the fractionv of natural parity exchange»,
v;/e form p+/(1-p+), which meallsures the ratio of’natural parity exchange

to unnatural parity exchange;: this ratio is independent of the normali-

- zation problems associated with do /dt.

In these exPressiQns, Poo and ('pi,_1 - Py, .4) may be evaluated in
either the t-channel or s-channel helicity frame; (p1 1 + Py _1) and

N L
the ratio p+/(1-p+) are frame independent. The above combinations

. are shown in fig. 1 for both momenta. A shoulder is observed in

' péo do/dt {(fig. 1b) around t = - 0.3(GeV/‘c)2. Structure in-this sarhe t

region is generally observed in this reaction[5-8], especially in p(§0'

‘The combination p+/(1.-p+) (fig. 2a) shows that for all t values the
fraction of natural parity exchange is Stllbstantially greater at 7.1 GeV/c
than at 2.67 GeV/c. Discussion of some other featpreé of figs. 1 and 2
is deferred to a later sectioﬂ.

We obtain effective trajectories from the relation

2a

) ,
pr,p (40 /dt)° = G(t) v eff

; 'v=(s—u)/2, (1)
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where (da/dt)c refers to one of the above combinations of density .
matrices and differential cross section. Assuming eq. (1) for_both
natural and unnatural parity. exchange, it is readily shown that

: 2(a ) .
p+/(1-P y=Hp vy NU ett @

where @y and Ay refer to hatural az;d unnatural parity exchange,
respectively. For a given t value, the.blog bf the left-hand side of
eq. 1 or 2 is plotted against thé log of v. The-slope of a straight line
fit to the data poipts yields 2. @ ef a.t that t value. In fig. 3 we show such
plo;:s at sample t values for (|:>1 1 pi, )dO'/dt, +/(1 -p ) and
p00 dO'/dt. The v values are for our data together with publlshed data
at 3.7[5], 5.0[6], 5.5[7], and 11.7[8] GeV/ec.

' The: re;ults of a least-squares fit (to obtain 2. aeﬁ) are shqﬁ for
each plot[ 9] . It is clear that the high statistics ciata presented in this
paper dom'ma.i:eI these fits. it is interesting that (as previously indicated
in fig. Za) at all values of momenfum transfef the fraction of nafural
parity exchange increases markedly w1th incident momentum. This
effect has also been observed[iZ] in the reactionw’ p-w *n and is ex-
pected if the h1gher-1y1ng trg;ectones dominate at high energies.

Figure 4a shows the results for the effective trajectory from
. (p1 g 1 Py, 1) do /dt. Thé data are in remarkable agreement with the
.accepted [ tra3ectory[13] (dashed line in fig. 4a) of 0.57 + 0.91t. A
least-squares f1t of the data pomts[ 14] to the expressmn a(t) = @, +a't
vields
a, = (0.56 + 0.10) + (0.78+0.34)t; day b’ = 0.029.
Figure 4b shows (aN-aU)eff-from p+/(1—p+). The slope is rather

small; a least-squares fit yields

-

(@n-ayy) = (0.52£0.11) + (0.18£0.32)t; bergda’ = 0.033.

" same general trend as for 4c. A least-sQuares fit[ 18] yields ) .

4.

To obtain Qg we formea,, = a

U =% " ley
nominal trajectory of 0.57 + 0.91t. The subtraction is made point by

a ), where we take @_to be a
U P :

point with the results shown in fig 4c. This plot is taken as a measure
of the B-meson trajectory A least-squares fit yields

= (0.05%0.11) +-(0.73 £0.32)t.

This result ha‘s rather attraci.:iv¢ features aé a candidate for the B ) ¥
trajectory. It passes cloéé toa=0andt =0, as would‘bé expe;ted |

from w-B exchange deg_eneracy..‘ Further, for a B of spin-parity of 1+,

the trajectory passes quite close to the B mass in the unphysical t
region. KEstimates of the effective = trajectory from pp—+ nA++, A'A+_+
have always indicated a xlelatively flat = trajeptory ».vith- intéréept near
iéro. The results of more recent determinations of the effective

T trajectory using pgo do /dt for the reac!:ion 7 p- p*n between 4.5 and

17.2 GeV/c[15] , using compilations of data for the reactions
goFatt

1r+p ->p°A++ and K+p [16] and using the reaction yn— 1T-p. v b

with polarlzed photons[ 17] are in substant1a1 agreement with our re-

sult. N
. N
The method of determining the above value of the B trajectory has

the advantage that it does not depend on cross-section normalization.
) : : t

It has the disadvantage of incorporating a nominal value for the p tra-

jectory. TFigure 4d shows LY from péo do /dt, which depends on cross- ;’

section normalization, but not the nominal p. The data points give the

ag = (0.0%0.08) + (0.59%0.23)t; ba ba’ = 0.017.

[
The close agreement between this and the previous result is basically

a consistency check on both the data and the assumption that the reaction

'is dominated by B + p exchange..
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In oBta:ﬁling .th'\e4 effective p and B trajectories we have necessarily ‘Refere'nces.

ignored the posgible effects of absorption on our reaction. If (pi; 4 1 ‘

pr1' _1) do /dt could be completely expla;ined by p-pole exchange, we would 1. w. Ko (Ph. D. thesis), University of Pennsylvania (1971);

éxpec't to see a dip in this distribution'near\t= -0:6 (G(—:V/c_)2 (fig. 14d), . -Lawrende ‘Radiation Laboi'atory Report UdRL-i 9779 (1970).

but no sig.nificant dip is evident. Figure 2a shows that the natural ', 2. R. L. Ott (Ph. D. thesis), Lawrence Berkeley Laboratory Reports
parity exchange contribution become; very small in the region of the LBL-1547 (1972) and W. F. Buhl et al., LBL-2431.

expected dip, making the observation of sﬁch a dip difficult in most 3. The method of fhoments is used to calculate

e,-cp'erinl.entfs. The absence of such a dip could also bé the result of , - P(S)E)t - % (5 cosZGw-1> ’ p::'ii: ) (%) ('sinz _ewcos 2.‘%) ’
absorptive correqtions filling in the dip. This would be in accordance

vwith an empirical rule which states that ;mplitude‘s inv\olving no net ‘Re p:,t(;) - - (_5__ ) (sin26  cos b ),

helicity flip in the s-channel (n = 0) have strong ébéorptive corrections, ’ 4NZ ¢ ¢

while those involviﬁg oné unit ofile-liCitfop (n = 1) are only weakly where 0 4)“ are the angles of the!normal to the w® decay plane
’éﬁected by absér’pti-on. If we assume that the p choo/aevs‘ unit helicity - (g X q + yin the t-channel helicity (Got:_tfriedf-Jackson) ;:>r s-channel
flip at the nucleon vertex[19,20] then (p, , + pi; N dg /dt should in- ] heqiéity“framé. Note that p, 4 = 1/2(1-p00)';

volve n = 0,2, and therefore include strong absorptive effects. The . 4. K. Gottfried and J. D. Jackson, Nuovo Cimento 33 (1964) 309;
statué ofn=2 yv1th res'pec.t to absorptioh i’s unclear. Chiu[20] has ’ D. G;'ether, Powell-Birge Physics Memo 178 (Lawrence Berkeley

_ proposed that pi, - should pass }:hfoulgh zero when the P trajecfory . Laborlatory,‘ unpublished). The combination ‘pgo do /dt is valid at _all
passes through zero if the n'= 2 amplitude is not stfongly affectéd>by . - va{lueé of s, the rest to order 1/s.. »
absorption. The quantity pf’ .4 is shown in fig. 2b.’ If: dqes pass through i 5. G S. Abrams et al., Phys. Rev. Lett. 25 (1970) 617,
zero near t = - 0.6 (GeV/c)Z, but the.cross’ing point moves t6 high.er ]t{ ' 6. C. L. Pols et al., Nucl. Phys. _B_2_5 (1970) 109. The dc/df of this
with ipcreasing incident momentum. - o . v work was used. in conjunction with‘ the mo;-e precise pij o;Z. ‘Ca.rmel

- In conclusion, we have determined the effective p and B trajecto;ies . et al., WIS-72/28-P. Papér submitted to the XVI International Con-
from the reaction 'tr+p - mA++. d'iI‘he p trajectory is in gooa agreement & ference. on High Energy Physics. ‘ _
with that determ.iped from"rr-vpv-'rﬂ":n. -The B trajectory is consistent - 7. I. J. Bloodworth et al., Nucl‘. Phys. B35 (1971) 79; erratum B43
with what is known about the eff‘ecvtive"rr.trajectory. Althox}gh the data (1972) 641. ' - '

indicate that -absorption effects may be present, the above agreement
and the self-consistency of the B trajectory determination lead us to

. expect that the effiective trajectorir calculation may still be reliable. .
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8. D. Evans et al., DESY 72/37, July 1972; Nucl. Phys. B51 (1973)
-éos. - '

9. It has been noted [10] that p-wo inte\rference can enhance thé
Q°A++ cross section at small rhomentum transfver‘s, especially in the
projection Poo do /dt, where the p and w production aﬁplitu@es are
thoulg'ht toc be most coherent. It is difficult to rn;ake a quantitative
g!stima.t_epf this effec.t withouﬁ a priori knowledge of the production

amplitudes, but a crude estimate indicates that the p+ 37 decay could

contribute as much as 30% of the events below Itl =0.2 (GeV/c)2 (in fig.

1b), depending on the relative p-w production phase. If the coherence

'

is only in the unnatural parity exchange (which decreases with increas-
. \

ing V), the effect tends to raise the corresponding values of a(t) by

about one standard error, and to raise the values of o, and o' by al-

0
most a standard_\error.‘ If, as more recent measurements indicate
[11], the coherence is also in the natural parity exchanges, the effect

might be comi)letely negligible. No correction has been made.’

10. G. Goldhaber, in Experimental Meson Spectroscopy (Columbia

University Press, Ne?w York, 1970), P 59; N. N. Achasov and

G. N. Shestakov;, JETP Letters 42 (1970) 218; Nucl. Phys. B45 (1972)
93; R D. Field and D. P. Sidh;1, Brookhaven National. Laboratory
Report 181817(1973). '

11. D. S.,b Ayres et al., paper presented at the Berkeley Meetiné of
the American Pﬁysical Society, Division of Particles and Fields,
August 1973. _

12. L. E. Holloway et al. , Phys. Rev. Let‘t‘. 271671 (1971). .

-13. P. Bonamy et al., _lshys. Letteré.é (1v966) 501.

14. The fits are made to the solid data poinfs in fig. 4. The lowest

4

| t' bin (open circle) is not used because it is below Itmih! for the

- reactions T p—='T
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lowest energy data. The highest |t| bin (open circle) is not used be-

cause of the increased background above | tl P~ 07 (GeV/c)Z.
15. P. Estabrooks and A D. Martin, Phys. Letters 24B (1972) 229;"
CERN Report Ref. TH. 1647 (1,973); C-ERN Report Ref. TH. 1732 (1973).
16. A. Firestone and E. Colton, California Institute of Teéhnology
Prepl;int 68-353 (1972). | B

17. D. J. Sherden et al., Phys. Rev. Lett. 30 (1973) 1230.

i8. Similar determinations of e from p(s)o d(r/df:,-_(pti,.1 -pti, _1)‘d(vT/dt L
and (p‘i'1 -pi‘, _y) 40/dt yield a = (-0.03£0.09) + (0.16+0.26)t, :
o = (0.12+0.13) + (O.36:t0.32)1;, and o = (0.10+0.12) + (0.71 £0.29)t.

19. The p couples to unit helicity flip at the nucleon vertex in the

++
%2 and 11'+p->A w°,

20. C. B. Chiu, " Workshop on Particle Physics at Intermediate
Energies," California Institute of Technology Report CALT-68-300

{1971); " Evidence for Regge Poles and Hadron Collision Phenomena

at High Energies," Ann. Rev. Nucl. Sci. 22, 255 (1972).
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: Figure Captions
Table 1. Summary of experimental results . v o
: : Fig. 1. Differential cross section 'proje_ctions as a function of t at

_ | 2.67 Gerc | 7.1‘ GeV/c . 2.67 GeV/c (dotted error bars) and 7.1 GeV/c (s_olid_ errox" bars).
Number 6: pictures - o 300000 700 000 A ~ (a) do/at _ »
EQenEs/pb ' o : 4.31 , 42.8 (b) pf)lo do /dt for p'(‘)0 evaluated in the t-channel helicity frame.
No. of scanned four-prongs 36500 446000 . : (e) (pi,1 - pti’ N do/dt o » _ )
No. of 11+p'n'+1r_1r°_> events 12 380 ‘ . 86000 o - (d) (Pi, Lt pi,’-i) do /dt, which is frame independent
o(1r+p -»"1r+p1r+-n- _1r°\)mb : 3.29%0.17 2.16£0.09 ‘ (e) pgo »d(rb/dt. for pgo evaluated in the s-channel helicity frame
No. of mAH events selected 3497% 28722 N () (Pf,i - Pi,_i)»do/dg . ’
o (n'p ~ waT imb .9640.05 0.1650.014 ' ’ :
g'I“llrnepse :i tl::l:amples used in s\tud(;'i?:)g tl(:eodecay angular dis(iributi‘ons F1g 2. (a) pf/(i-p.*-), where P+ = Pe,1 + Pq, ;1 and is‘frarne independent.
of the w%. No backgz;ound correction or any attempt to corfeét for the (b) _p:,. -1

. . . : Fig. 3. 'Samples of ,the effective trajectory calculafions att=-0.175,
difference in selection procedures has been made. T . \ '

-0.350,- and -0.600 (GeV/c)Z. ‘The solid lines.are from least-squares
fits to the data points. The data from this experiment (2.67, 7.1
. . , _ - GeV/c) are shown as dots.
(azc) P o (pi’1 t Py, _1)d0'/dt vs. v, where v = (g-u)/2. In order
. .
of increasing v, the data points are for incidént momenta 2.67, 3.1,
/ o 5.0, 5.5, 7.1, and 11.7 ‘GeV/c.
f oY . ' | @-f) p7/(1 + p") vs. v. -
_ BT ~ : o o2t
(g-1i) Plab Poo dc/dt vs. V. |
- S : . o o _ Fig. 4. Effective trajectories. The solid curves are linear fits to those

data points with solid error bars.

(a) afilff vs. t.from Pfab (pi, 1 + Py, _1)’ do/dt. The dashed curve

is a nominal p-meson trajectory of ap = 0.57 + 0.91t. The fit

gives @ =(0.56+0.10) + (0.78+0.31)t.

: N
eff vs. t from p+(1—p+), where ay and ay refer to tra-

(b) (aN~aU)
jectories corresponding to natural and unnatural parity exchange

. Tespectively. The fit gives (aN_aU) = (0.52£0.11) + (0.181:0.32){.



A

-11-

(aN-arU)eff vs. t, where @ is the nominal p trajectory-of

c) a -
{c) ‘p |
0.57+40.91t and (czN-aU)eff is the same as in (b). The fit/gives_

Lag = (0.05£0.11) + (0.73£0.32)t.
@) o vs. t from P2, of do/dt. The fit gives
u Vs b 1ab Poo : g

X ‘
ag = (0.0%0.08) + (0.59+0.23)t. ‘

-

-

R
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