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ELASTIC SCATTERING OF NEGATIVE PIONS ON
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Donald E. Hagge, Michael J. Longo,§ Burton J. Moye;
and chtoA Perez-Mendez :

Lawrence Radxatxon Laboratory'
University of California
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November 18, 1963
ABSTRACT

Differential cross sections for the elaétic scattering of negative pi
mesons on profons Zn" «p > Tr;«p) were measured at the Berkeley Bevatron
at five'l_abora.tory kinetic energies of the p-ion between 500 and 1000 MeV.
The results were least-squ‘a.re.s fitted With a power. sexies in the cosine of
the center-of-mass scattering angle, and total elastic cross sections fox:;
7 -p - T -p were obtained by inte:grating uhder the fitted curves. The
coefficienj:s of the cosine series are shown plotted vs the incident pion labo-
ratory kinetic energy. ‘I‘hes.e curves display as a striking feature a large
value of the coefficient of cos5 0¥ peaking in the vicinity of the 9C0-MeV
resonance, | This implies tha.t a superposition of FS/Z and DS/Z partial
waves is prominent in the. scé.ttering at this enexgy, since the coéfficien’cs for
terms above coa’a5 0™ are negligible. One possible explanation is that the FS/ZV
enhancément éomes from an elastic resonance in the isotopic spin T=1/2
state, consistent with Regge-pole formalism, and the ADS/Z partial-wave
sfa’ce may be enhanced by inelastic processés. At 600 MeV the values of the
coefficients do not seem to ‘demand.the prominencevof any single partial-
wave étate, although the results are compatible with an enhancer-nent in the
J=3/2 amplitude. | A table listing quantum numbers plausibly associated x;vith
the various peaks and "shoulders' seen in the w:’:-p total-cross-section

curves is presented.
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I. INTRODUCTION

We report hére the m.eas‘urement of.‘diffelrential Ccross seci;ibns for the’
eiastic scattering of negative pions on protons {W -p - 7 -p}, at incident >pion _
lab kinetic energies of 533, 581, 698;. 873, and 990 MeV. theae. measure ~.
ments were made in conjunction with the experiment discusse‘d in the pre-«
c;:ding aa.rti:c:k‘a1 (hereafter referred to as I), and utilized the same equipmént.

‘he total?crdss—section curves fovr both w -p and w+_~p are shown in Fig. 1 of L

The success of any theoretical attempt to treaﬁ related probléms, such
as nﬁclear forces and pion photoproduction, depends on an undersianding of
pion-nucleon s@attering.z- Although the 200-MeV ?eak hés b.eex.x_clearly shown
to be due _t'o a single state in :resonanc:e,3 the guestion of the origin of the 600~
and 900-MeV peaks hé;s not been definitely answered. The rcason for ﬁ'zaking
the measurements discussed in this article was to shed furiher light on the
quantum numbers ofithe states as so;:iated with these highér peéks, '

Ea.rly in the hivstory of m -p scatter%ng studies, when the second and
third maxima had not yet been resolved, Dyson4 prcpose& a model to account
for the broad "second maximum'' at about 900 MeV. A single state in reso- |

nance would have to have J = 11/2, which he felt was unlikely, so he con-

ceived of a W-T resonance with a relative momentum of 250 MeV/c, and

in a T =0 state so as to contribute nothing to 'aT+‘7-p scattering. The large

1

iﬁelastic T-p scattering would be attribﬁtc;:ci- to the incoming .pion intéracting
with ‘a cloud meson such that both evscaée from the 1§uc1eon. k |

'A'lthough the accufnula.tion of 'exéérirﬁéntal evidence, .includingthé ‘
rc_aéolution of the bifoad peak into the two sharpér'maxima at 600 and 900
MeV, has not bbrne out all the predictions of Dyson‘s early model,' the idea
th;?.t a T interaction may be responsib‘l;e for some: 6f the high-energy phe—v
nomena still a._c'fi’v.ely_n' éccvupie-s the thihking of mé,ny t}‘w.e_oristsvw}‘zo are trying

to explain the mechanis‘ms of w-p scattering,
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Since then other models have been proposed that employ various combi-
nations of such concepts as the 7-7 interaction, pion-nucleon isobars, and
5,6 '

the importance of inelastic processes.

. The quantum numbers predicted by such medels are, of course; to be

compared with the experimental data. The isotopic spin quantum number is

readily fixed at T =1/2, since these peaks do not appear in the T -p cross -

section, which is a pure T=3/2 state. The = -p system, however, is a
mixture of T='1/_2 and T=3/2 states.
The description of the (3/2, 3/2) resonance is quite complete, and was

made in terms of phase shifts and partial waves.' At the energies of this ex~ -

periment, however, we must include orbital angular-momentum states at

least through F waves, which means that at least 23 parameters must be

determined to give a complete phenomenological descripticn of w-p scatier-

ing, El’astic-scat_téring measurements can detei‘mine c0nétraints for these
paramete;s, but ;the‘r data, such as charge-exchange scattering and meas-
uremépt of the polarization of the recoil proion, are needed before the solu-
tion to the problem can be regarded as uniquely defe;miﬁeé in a mathematical-

sense. g

A large number of elastic-scattering experiments have beén done in the
» . 8 e ~ . .
energy region of the higher peaks, ™’ 9 but most of themm have a relatively low
statistical accuracy. The results of this experiment are in essential agree-

ment with those obtained by Wood et al. ,9 the main differences being that .

_absclute normalizations, and hence total elastic cross sections, were obtained

in the present experiment, and its instrumentation possessed a gxeater re-
liability through advances in technigues and devices since the time of the

former experiment. .

@
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II. EXPERIMENTAL METHOD AND DATA ANALYSIS

" The experinde’nfal va.rrangementv for the measurement of the W diffexjen—
tial cross ééctions is identical vto.that described in dé‘cail in1 e:g:éept for the -
following chang.es:' '

{a} The veiocity spectrometer, used i%x I to discriminate vbetween positive
pions and protons of thg' sar;ie momentum, was ‘turned dff d;ar'iing these 'mea.s-»
~urements, | |

(b) The cdrrenfs of’all the ‘magnetvs in the pion beam wei:é ;—c;;;rsed for these
measurements.- | |

(¢} The primary Bévatron ceramic target-was moved slightly to cbmpensate
for trajectories of Ehe_opbdsite curvature {very slight) for the negative pions,
because the targe‘t‘ was located.in a region not completely field-fz;ee. '

The data of this experiment were analyzed by the same rrie'chods, and
using fhe é'ame ccgmputer program, as ére described in I. The.cor-‘rections
were handled exactly like those applied é:here, onl;‘rj:héir magnitudes were
'vslightiy different. |

| Figﬁre 41 shows the fraction of the total beam &:ornprised of electrons,
muons produced before B2-the final bending r;ﬁ'.agnet-Aand muong produced

after BZ' "The total muon and electron contamination varied from 8.2% of

the total beam at 990 MeV, to 19.5% at 533 MeV.

111 EXPERIMENTAL RESULTS
Tlf'xe elastic differential cross >sections are iis’féd in Figs; 2 through 6,
together with the érrors '(standard deviv'ations), and the cosines _of the scatter- -
ing angles in the c. m. system.v The values ligted for ;:os 6% =14.0 were calcu-
lated by using dispersion relations. *°
A least;squares fit“ to the data was made with a ;:urve having the

equation
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e N . |
do (€: ) . < a_ cos™ 6, : (1)
. 'dQ; . Lo :

| n=0
where N is the ofdér of fit,‘ and 0% is the séatt;zring angle in the c.m.
systenﬂ;. The f?tted cﬁrvés. along with the corrected data points, ére shown
in Figs. 2 through 6 . The dispersion-relations point was used to make the
final fit at all '/enedrgies. A fifth-oxder fit-i.e., N=5-was used at 533 MeV,
and a sixth-order fit was used at higher energies. The values of the coef-
ficiefxts a and the‘iir ‘errors are listed in Table I, and é.;e shown plottéd in
Fig. 7 with incident~pion laB kinetic energy as the abscissa. Figure 7 includes
data from éxperiments‘other than this one.s’ 9 |
The determinatior_xé of the correct orders of fit tb be used ahd which of
w:hevda,ta. Weré t‘OI be rejected were made in tﬁe same manner as discussed in L
Table II gives 'the value of x-z, and ()(Z/d)i/l2 for the chosen fit at each
energ?, where d‘i is the nufnﬁer of degiees of freedOml.. Aisq listed in Table
iI a.x*ve' the. total ela_stic. cross sections fqr'(w'»p -7 «p}, as .qietermined by |
integrating under the final fitted differential_f‘éross-section‘c‘urves. Fxgu;o g
.shows fhe following ﬁ-fp cross sections plotted vs incideniz-pionlab kinetic
e'hergy: |
(a) Total_"rr-v-p_.cfoss section, 12
 (b) Total cfoaé section for (7 ~p=> T -p) (ifrom Ta‘blve 1),
(c) Total 'cha‘rge_-‘-é}:change cross section _(1;_-p+17° -n) as deternqixiéd from
 the c_iata.-of‘ B.r“i's‘son'.'et, al; .153 | | o
(d) Total elastic 'cz."os:’s- section [sum of (b) and (c}] .
(e} Total iﬁelastié cross »sec.tic'm [diffe;encé bet.:weeri_ (a) and {d}]. |
Some of these Cﬁr?es have reié.tively largé errors.
| Figtii'é v9 vs.hows the following cross sections for the 'pure T=1/2

‘isotopic spin state:
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{2) 'l‘ofal cross segtioﬁ,_ calculatéd by _me_an%; of the rel.a.ti'dn'
| 01/:';= 24/?-_0” -1/2e" o (2
where 0':" and ot :e'f‘er- to the total crbss sections for ‘A'xr"mp and # P
z;espéct_ivély.' | | | | |
(b) Total elastic cros.; sectxon, calculated by using Eq. {2}, where, in this
case, 0 refers to total elastic crosslsection for w >'-.-p, ‘i.e., the smn of
the charae-exchange cross section and the cross section for {m~ —p - W -p);
* refers to the total elastlc cross section for W+-p. |
(c). To’cal in?elastié cross section; i. e., the diff erence between the above two..
The corresponding cross scctmns for the T 3/2 otopic spin state

(ﬁ+-—p) are shown in L.

IV. DISCUSSION

- The diffex entxal ~-Ccross« sectlon curves {(Figs. 2 through 6} esxhibit two -

interesting features. First, the curve for 581 MeV is similar.

4

to that for 533 MeV, the main difference being the height of the forward peak

®

=

% : . iy . . . o ’
(cos @ = 1.0). The increase in forward scatiering in going from 533 to 581

‘MeV can possibly be attributed to an increase in the inelastic pr rocesses and

P .

is reflected in the elastxc scatterinz as dill;aciion scattering. The chape of mc

inelastic-cross-section curve in Fig. 8. shows a behavior of this scoxrt. This

ébuld irﬁply that the 600-MeV peak in the total = -p cross sectiicn is due LG
an enhancement in the ineﬁlastic_. processes, j:a_ﬁher .than the result of an eclastic
resonance. The second interesting fea’cu‘re' is the shape of the 873-kMeV curve
{(Fig. 5), i.e., the relativély pronounced hump at cos o* = ~(‘).8.

In order to interpret the differential-cross-section curves it is usefu l
to examine the plots of the coefficients of the powers of cos 6% as showa in
Fig. 7. [In this connection ii is recommended that Lj;he reader refer to the

development of Eiq. (16} in Sec. IV of I.] The most interesting aspect of

Fig. 7 is the large positive value of ag which peaks near 900 MeV. The
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coefficiehté 'a.6 is xiei_a'rly zZero et this enexj\gy, implying tlfxat the écattering
is'negligible for‘fhoee"states ha.ving total angular 'rﬁomeﬁtum J = '7_/2 or
larger. 7 The'la.i‘ge value of as, mus'c therefore come from a uperposition'
of F5/2 and D5/2 pa.rtxa.l waves. J:urtnermore, evidence can be adduced
from some knowledge of the angular dxstmbutwn in elautzc charge éxchange
ob»amod by Chrétxen et al. .14 and al o by Chlu et al. in a recent Berkeley
experzment. 1..5 whxch reqmres the conclusxon Lnat bot‘n tho D5/2. and FS/Z_'
umphtudes belong to the T= 1/2 1sot0p1c spin state..
One possxble mterpretatmn is that the FS/Z a.mpntude enhancemem |
is due to a resonant 1sobar1c state of the nucleoa, consmtcm. with the
= 5/2 intersection of the nucleon Regge trajectory 16 havmg isotopic spin
= "/2 and even pa.nty. The D5/2 enhance:ment may then be aesociated
thh the onset of absorptwe channels thh thresholds in this cnerrry regxoo
{e. g., p-mesonproductxon and K-A production). It is m.fncult to-hmxt
suth melastxc channels to the T =1/2 state (ahhouah K-A satisfies this |
requxrement). and the shoulder at 850 MeV in the T = 3/2 cross SeCthn
may be a result of such processes. |

At 600 MeV the values of the coefficients do not seem to indicate the

‘prominence of any single partial-wave state. This is in agreement with the

preQiouely discussed ioterpretation of the 600-MeV peak; i.e., that itis the
result of inelastic eohanCements' rather than an clastic resonance. However,
it is note'wv;rorthy that the coefficient- as, as shown in Fw 7, demonstra’cee a
marked departure at a.bout 600 MeV from. 2 general trcna toward a negative
maximum value tha.t it attains near 900 MeV This behavior suggests that

the dominant cha.racter of as may be to develop in the negative direction

toward the 900 MeV resoru.nce, but that the phenomenon at 600 "\/icV locally:

modlﬁes thxs dommant behavxor
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A locally prominent D3/2 amplitude superimposed with the beginnings

of the F amplitude associated with the 900-MeV resonance could produce

5/2
‘the behavior of a, in the ;egion of 600 MeV. The fact that its local maximum
is at an energy slightly greater than 600 MeV is appropriate to the increasing
strength of the FS/Z contribution as the energy is increased. Furthermore,

amplitude with the D

a superposition of this D amplitude, which we

3/2 5/2
know also grows into strength near 900 MeV, is consistent with the variation

,Of a,

and‘. a, with the opposite signs.

'Deductions concerning the vérious amplitudes prominent in this energ:y'
region for the pion—nucleon interaction are also made from the photoproduction
reactions, In particular, studies of polarization of the final-state proton in

YP 1r°p by Maloy et al, ,17 and by Mencuccini et al, ,18 ‘purport to showi that

if single-state enhancements are ascribed to the three "resonance' maxima
observed in the T = 4/2 pion-nucleon interaction'(corresponding respectively
to laboratory pion écattering energies of 200, 600, and 900 MeV), then the
second state is of parity opposite fo the first and third. This would support

a PB/Z’ D3/2, FS/Z_ sét of assignments, However, subsequent stuciies of

19

YpP—~ m'n by Beneventano et al.,” ’ show a prominent influence of a DS/Z
amplitude ipterfe ring with the D3/2 (both in the T' =1/2 state), é.nd they find
no requiremeni: for a '"resonance," in the sense of a 90-deg real phase shift,
in the region of the second cross section magimum. They suggest that the
region of the second ''resonance' is apparently more complicated than a
single dor;ainant'-state phenomenon, and that interference with non-resonant
amplitudes is appreciable. This situation, which is consistent with that here

reported for pion-nucleon scattering, casts some uncertainty upon the initial

interpretations of the polarization results in photoproduction,
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The possible similarity of the 600-MeV peak in’the T = 1/2 system
and the 850-MeV shoulder in the T = 3/2 system has been alluded to by
Carruth'erszo and others, The data of this and of the preceding article (I)
allow some comparison. In both cases the rise in the elastic cross section
is associated with an increase in the inelastic cross section from threshold
up to a plateau value, The maximum in the elastic cross section is attained
essentially at the ''knee'" 4of the inelastic variation; thereafter, the cross
sections should be expected to fall off with increasing energy, because of
the 1/p2 dependence, if for no othelr reason, Inthe T = 3/2 case the elastic
cross section dc;es not subside as the energy is increased, bécause of the
immediate onset of the broad 1350—MeV resonance, and the result is the
shoulder at about 850 MeV. Thus there is a gross similarity of these 1;_\!avo_
phenomena, in the sense that they both are assoqiafed with rapidly risin‘g»
inelastic effects.

If such effects are ascribed to an interaction of the incident pion with
the pion cloud of the proton, it is possible to understand the fact that the
threshold enérgies are not the same, since the w-7 interaction sta‘;es for
T -p are T = 0, T=1, and T =2, whereas for 7r+-p they are T = 1 and
T = 2, .The effect of a T = O state of two pions is thus possible in the m -p
case, whereas such a combination could ﬁot be effective in 1r+-p until energies
are reached at which another pion could be produced. It has indeed been ob-
served that the T = 0, 'w-m state is predominant in low-energy pion-pion
interactioAns. 2# We may also include the possibility of an influence of virtual
n, production upon the cross section even though productidn of free no's

22

is known to be small at 600 MeV. Such mechanisms need not enhance a
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particular state of the w-p system in a resonant sense in order to produce
a maximum in thel cross section,

In Table III we have listed ‘quantum numbers that can speculatively
be associated with the various known w-p phenomena. The conjectured total
angular momenta are stated in parentheses; the values given are those
possibly inferred from simple Regge-pole-trajectory behavior. The two
peaks discovered by Diddens et al., 23 at pion energies of 1950 MeV for w -p,
and 2370 MeV for 1r+-p, are included in the table upon this basis of conjecture,
The resonance points on a Regge plbt are shown iﬁ Fig. 40, which illustrates
.the basis for the‘ values given in parentheses in Table III. Diddens et al, 23
have discussed other assignments also to be considered for the two highest~
y

)

energy resonances,

The authors would like to acknowledge the assistance by the same

-~

persons as in the preceding article, 1
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ble 1. Coefficients of powers of cos {7 .p).
Coefficients Pion kinetic energy in lab sysieim {(MeV)
533 581 698 873 990
2, o 0.431+0.028 0.3720.043 0.243%0.028 0.291x0.046 0.293%0.018
a, 1.682%0.120 2.188=0.248 1.457x0.402" -0.377+0.4152 ~0.259:: 0,063
a, 2.240%0,216 4,034%0,523 4,431 £0.354 1.594 2 0.594 -0.949% 0,247
ag ' -1.001%0.591 -1.031%1,1424 1,917 £0.463 -6.755:0.786 -3.157%0.343
a, 0.554+0,361 -1,887=2.040 -5,201%41.,148 4.6982=1.878 8.118:=:0,810
ag 0,754+ 0.594 1.223:2:0.979 3.597 & 0,404 15.551 % 0.986 10,365+ 0,431
. o3
. =S
=N - 1,745+ 1,688 4,014 20,881 2.47344.649 -0.162%0.735 e
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o tle 1T Valien 2, %0402 o R
Teble II. Values.of y 7, (x“/d) / . the number of data pomts,a" the
anumbeyr of degrees of freedom, and the total elastic cross section

LS

with its error at each encigy of the experiment.

Energy = 2 2/ w1/2 Number of Degrees of Elastic
{WeV) X x7/a) - data points frecdom crogs section
533 13.37  1.ié6 6 710 - 16.20%0.50
584 19.02 1.38 47 10 19.95 0,54
698 9.19 | 0.91 48 14 15.7540.28
873 20.26 1.30 19 12 26,58 0.64
990 6.43 0.70 20 13 19.82 £0.24

“ The dispersion-relations point, having been used in the curve fitting, is
& p $ o g’

included in the nwmber of data points.




Table 111, Cuantum numbers tentatively associated with 7-p cross-section phenomena.
T=1/2 ' o . Tox3/2
: - N R '““ T ' T
.Resonance Isobaric Pion lab - Parity J Ozbitall J Parxity Pion lab Isobaric Resonance
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{(LieV)  (MeV) o ] (12eV) (MeV)
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FIGURE CAPTIONS
Fig, 1. Muon and electron contamination in pion beam plotted vs incident
pion lab kinetic energy.

an incident pion lab

4
(6]
=y
(o]
L]

Fig. 2, The v -p differential-cross-scction cuz
kineti; energy of 533 MeV.

Fig, 3. The T -p differential-cross-section curve {or an incident pion lab

kinetic ehergy of 5841 MeV. ' :

Fig. 4, The v -p differential-cross-section curve for an incident pion lab

kinetic enexrgy of 698 MeV.

.

Fig. 5. The w -p differential-cross-section curve for an incident pion lab
kinetic energy of 873 MeV.

sl
]

Fig. 6. The ® -p difierential-cross-section curve for an incident pion lab

kinetic energy of 990 MeV.

. . e . . c e s
poweyr series in cos § plotted vs the incident pion

Py

Pig, 7. Coefficienis o
lab kinetic energy.
Fig. 2. The @ -p cross sections.

ig., 9. The T = 1/2 w-p cross secticns,

o}

.

Fig. 10. Pion-nucleon Regge plot
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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 employee
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.
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