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Rdnald Allen Grossman
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ABSTRACT

We have investigated eté production in the reaction n+p -an+pﬁuij=
at 1050 and 1170 MeVVc, and in the reaction n‘iu;nfpﬁ*gﬁ 11703Mev7c;_ﬁ%?

. : + . . -
obtain the following partial cross sections for the reaction TP - -

. - _ T
n pn followed by the charged decay 7 —»n+i noz (9.5 * 1.5) wb for = v,

+ .

1050 MeV/c incident n+; (53.3 +5.0) pb'fpr 1170 MeV/c n; (15.9 1.9)ﬂﬁfj

ub for 1170 MeV/c n~. From our %7 data we f£ind that we need four I = _?ffﬂg_}fw'

3/2 amplitudes in order to obtain good agreement with our mass and

angular distributions and to reproduce the threshold behévior of the .4'

cross section. We find the dominating amplitude to be that represent#;:"fﬁq;?i
ing the reaction, n+p - 1A(1238); Aa(1238) —qu+b, where the n and the ,g';11~‘2
A(1258) are produced in s-wave. The four amplitudes'are extrapolated:.'.'4

to higher energies where the predicted mass and angular distributions“f3 ;;f1;f .

and cross sections are compared with thc available data. From our r_
date we find that in addition to the four I = 3/2 amplitudes (deter-
mined from the n' data), one I = 1/2 amplitude is required: the - |

amplitude in whichvall particles are in relative S-states.> We find

that this I = 1/2 amplitude in fact dominates the n~ reaction. We see

/

* .
no evidence for production of the N (1550) - np resonance.
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I. INTRODUCTION
Since the discovery of the eta meson in 1961,l there have been

2-7

several experiments at various energies involving the reaction,
ﬂ+p - 1r+p n.

In all of these experiments the reaction appears to proceed mainly

via
p - n A(1238) - (1)

A(1238) - np.

" There have also been several experiments8-lo involving the reaction'

1 p —>n-pn.
Reaction (1) is unusual in that there are no psuedoscalar or
vector mesons which can be exchanged in the t-channel. Therefore,
such models as the one pion exchange model or the Qector exchange model

n '
of Stodolsky and Sakurai do not apply to reaction (1). As can be seen

from the figure below,

n 1

/n
N

p

P A

the required quantum numbers for the exchange particle are IG =1

and JP = O+, 1, 2+, «++. Mesons with these quantum numbers are the
+

massive A, (1300), sF = 2" ana n, (1016), 7> oo

The A, meson is well established and the quantum numbers are now

2
fairly agreed upon. (There is some evidence, however, that there might
be more than one meson in this region}e) The compiled branching ratio

for A, decay into qm is listed15 as 11 * 2 o/ indicating that the
o

coupling constant at the upper vertex is small.



The 6ther'meson cahdidate for the exchange particle, nv'(1016),15, 5

is seen as a KK enhéncement near threshold and may be interpreted as

due to a large scattering length. A reported nx enhancementlh in this

region has not been confirmed.

In addition to meson exchange in the t-~channel it is also possible

to have baryon exchange in the u-channel. This would tend to peak‘the ,.'

backward region of the production angular distribution. For baryon
*
exchange the nucleon and the N (1550), Sll’ resonance have the re-

quired quantum numbers.

The fact that the masses of all the proposed exchange particleé‘

are large has the consequence that the interaction is of shorter rangéﬁg“'
than interactions to which the peripheral model is usuvally applied. ’v ﬂ

It is not surprising, therefore, that experiments involving reaction -

(1) are not highly peripheral; that is, the production angular dis-

tributions do not exhibit the great forward peaking characteristic

of peripheral interactions. In fact in the low energy data of Foelsché‘:

2 c
and Kraybill gnd of this experiment the production angular distribu-

tions are fairly flat.
We also note that the reaction np — npn might proceed via
*
p -»x N (1550)

L

N*(1550) - MPp.

However, this N resonance has yet to be seen as an enhancement in the &

(n-N) mass distribution in a reaction involving a final state of three
or more particles.

In this paper we adopt the phenomenological approach of describing

the production process of the reaction #p — npn in terms of low partial :

waves. We find that our n~ data at 1050 and 1170 MeV/c may be ade-

quately represented by s-wave production of the eta and a(1238), plus_
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an admixture in which the eta is produced in s~ or p-wave and the =x

and p are in a relative S-wave. At 1170 MeV/c we find the cross seé-
tion ratio o(x p —>n_pn)/<r(u+p -an+bn) = 0.30 * 0.04 instead of the ;
vaiue 0.11 expected (on the basis of Clebsch—Gordaﬂ factors) if the .
n-p reaction proceeded only through the I = 3/2 amplituaes. This
indicates that in addition to the I = 3/2 amplitudes there is also an’
appreciable I = 1/2 contribution. Our x data is adequately repre-
sented by the addition of only one I = 1/2 amplitude; the amplitude

in which all particles are in relative S-states.

‘'II. EXPERIMENTAL DETAILS
The Alvarez 72-inéh liquid hydrogen bubble chamber was exposed
to beams of both x ' and n~ mesons at a momentum of 1170 MeV/c and
to n" mesons at a momentum of 1050 MeV/c. The beam setup has been

described previously;15’16

we present ‘here in Fig. 1 only a schematic::v
_ diagram of the beam optics.

A total of 240,000 pictures were taken at the three momenta.
The film was scanned for 4-prongs. A total of 11,000 h-prongs were
found and fitted by the LRL spatial reconstructidn»and kinematical
fitting program; SIQUX. Most of the events, 9600, fit the fdur-
constrained reaction,

nib o pntn” . (25

with é ghisquare less than 16. These events were discarded. The
remaining 2000 events were then examined on the scanning table to
determine the proton. Out of these 2000 events 800 fit reaction (2)
with a chisquare between 16 and 35. For these events if the proton

identification made on the scanning table agreed with the track

identified as the proton in the 4C fit of reaction (2), then the event
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- was discarded. In addition events identified on the scanning table as
having Dalitz pairs and events identified as having four charged pions
were also discarded.
'The remaining events were retained if they fit the reaction »

T pP-T DPAAX '

or
+ +

+ + + =
T PN pPARY

with a one-constrained (1C) chisquare of less than 8.6 and if the
The distributione in the missing netrl mast Jor these events are shown n fig 2,
events were inside the fiducial volume.A These events were then fit
to the two-vertex, two-constrained hypothesis
T P> DI ' - !
N o'’ | e
and
* +
T poRADY
N xy : (b)
An event was recorded as reaction (3) or (4) depending on which had
the lower chisquare. Events fitting reaction (4) are not used. All _V>1';'.
+ + o+ - : _ R
but four of the events that fit s ™ p »n” p n = x° also fit the 2C
reaction (3) with chisquares less than 20 and are regarded as good éta
 events. The four exceptions have chisquares over 200. Thus, essen-7."] 1*i-1 f i
tially all events which fit the final state hypothesis, =« p n+h-n°,
come from etas. The number of events fitting reaction (3) are 135 for  } - ;3
+ .
the 1170 MeV/c n data, 51 for the 1050 MeV/c xt data, and 87 for the

7

« 1170 Mev/c T data.l The 20x2 distribution of these 273 events is

given in Fig. 3.

There is still the problem of "ambiguous" events. Since there are

two pions of the same charge in the final state, it is unknown which i

pion has come from the decay of the eta; thus reaction (3) can be fitted
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two Qays. When both fits are good (chisquare less. than 20), the event
is ambiguous. .In this case the interpretation with the lower chisquare
is taken to be the correct one. In the anélysis which follows it is
assumed that the right identification is always made. (By a Monte
Carlo calculation we~éstimate that we choose the wrong ﬁion about 3 o/o
of the time.)

Another possible way in which we could have obtained our final
+

sample of events,‘ntp - T PN 1 —>n*ﬁ-n°, is to separate out fhe events
with a missing 7 ray by taking all events in which the mass of the miss--
ing neutral is greater than 0.010 BeV2 (see Fig. 2), and then plot the
invariant mass of the n+ﬁ-n°. The resulting plots are shown in Fig. 4.
Again, because of the pion ambiguity, there are two. such combinations;
only the one in which the invariant mass is closer to the eta mass has

been plotted. It is seen in Fig. 4 that this procedure likewise results

in nearly all events being etas,
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- IIT. CROSS SECTIONS
| Tﬁe_meésured croés_seétioﬁ; for the reaction #p — np1n, 1 5>n+i-n°

for each of our.three beams are'given in Table I along with the pertinent
scanning.infbrmation.

As stated in Section II, an eta event‘is obtained 5y insisting
that the 4C chisquare for "nothing missing" is greater than 35, that
the 1C chisquare for missing x° or missing 7 is less than 8.6 and
that the 2C chisquare for eta decaying into ﬂ+n_no is less than for
the decay into n+ﬁ- 7. The last criterion'introduces some misinter;
pretations if both chisquares are small. In order to obtain the
efficiency of.the above selection criteria, the Monte Carlo prégram,;  ﬂ“
EAKE,18 was used to simulate events of ﬁype (3). Thé efficiency was
found to be 91.5 o/o, In addition events of t&pe'(h) were faked., It -
was fouhd'that the number of n+%- y eta decays contaminating our finél
sample is negligible (less than 0.8 events). o

The partial cross sections obtained in this experimen£ for re-
action (3) are listed in Table II along with the'cross sectibn values
given in references (2-10). A plot of these valﬁes as'a funcﬁion of
incident beam momentum is shown in'Fig. 5; Note that the ratio
o(np->n py): a{n+b . pn) at 1170 Mev/c is (5.9 % 1.9)/ (53.3 #
5.0) = 0,30 + 0.04. Were the 1 p reaction to proceed via 1=3/2 ampli-
tudes only, such as through the reaction n p — nA(1238), the ratio.
would be 1/9 = 0.11. Thus I = 1/2 amplitudes are important at 1170

MeV/e.

S
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IV. THE EXPERIMENTAL DISTRIBUTIONS

A. The Coordinate System

’ : + +
In the analysis which follows we regard the reaction, np -»npn,

~ as the two step process,
. o
n p-7n N,
followed by
. 5 5
N-»>n p,
where we use the symbol, BI', to indicate a n-'p state of total angulér‘

momentum J and orbital angular momentum L; thus when J = 3/2 and L = 1, -

~

N corresponds to the A(1238).
Figure 6 is a mnemonic diagram in velocity space "depicting the

two step process.2O The beam pion, U and target proton, p, , of
- -
orbital angular momentum, &£ , and linear momentum, k, in the overall
o~ : momenfauq
center-of-mass of energy, E, produce an eta and a N of orbital angular,
- - :
£, and linear momentum, p, in the overall center-of-mass. The ﬁ of
_) .

 total angular momentum, J, then decays with orbital angular momentum,

- - ' .

L, and linear momentum, q, in the 31' rest frame. The total angular mo-
. : - . '

mentum of the system is 9. . The final state n+ pn then consists of

I =3/2 states, (£ Lr)? , and the final state 1 pn consists of both
I=23/2and I =1/2 states, (,EL:)? . The notation is summarized in

the following table.

, porticles 'L‘o'::::“m :;L‘;l::m. :;_{:,l,n, energy
initial (overall " P T Z = .
4 Cmrtar-.dhmags) 8 T 9
~ - - -
final (overall , n ., N P Y ¥ £
center-of- mass) R ~
N rast frame Mo, B 9 [ T M




We chooée aé‘ﬁhevz-'axis_the line of flight’of the beam paiticlé
in the center of mass. »' | | )
That is,

A
2 =

|~

We now define ¥ as the angle in the center of mass between the line
of flight of the eta and the line of flight of the incoming pion.-'

That is,

-y

cos ¥ = —E.:.L :?.Q
|5l

The vectors P and K define the production plane,l’The'y-axiswis_définédf

as'thé normal to the production plane,

S ofho kxp
Y = n = - - L
XUl sin €

and the x-axis is defined so as to construct a right handed coordinate . =

A A A
system, X = y X 2.
We now go to the ﬁ rest frame and defineifhe angles'e and @ as

the poldr and azimuthal angles of the decay proton:
cos & = &oi '
-~ A A
¢ = tan”' [§-7/§X]

- In this frame the z-axis is defined to be in the production plane and

at an angle ¥ from the line of flight of the eta.




P

 qe
. A thrée bbdy final state has five externai-degrees of freedom: .
three particles each with three components of momentum minus the four

enéfgy-momentum equations of constraint. One of these degrees of

freedom, the orientation of the production plane in space (say, in the -

bubble qhamber) is of no interest. Thus the four indeﬁendeﬁt:variables,
cosE , cos ©, ¢, and the invariant mass-squared of the ﬁ, M2, are
sufficient to completely describe an event.

In terms of these independent variables the differential cross’ |
section can be written, : '

o = ];"E) ")'nlz (—g- dM? fcosE Adcose olgo), | (5)

where the first factor is the Lorentz invariant flux féctor, the
second is the absolute square of the matrix element and the third

is the Lorentz invariant three body phase space factor. The factor p

' equals pa/M.

B. Mass and Angular Distributions

The production Dalitz plots and their mass squared projections for
our three sets of data are shown in Fig. 7. The distributions in the
angular variables, do/dcos¥ , do-/dg, and de /dcos 6, are shown in
Figs. 8, 9, and JO, respectively. All errors are statistical and are
based only upon the number of events in each bin. The curves shown
are the ‘result of the best fit of the parameterization described in
Section V.V.

In Fig. 7 we see that the events are clustered into the upper
left hand corners of the Dalitz plots as a result of thé formation

of the A(1238) - np. It is seen that the enhancements in the low mass



. region Of'th¢4M2ﬁ51distribution;i§ a'reflection.of the A. The distri- . " - - .

'bUtion‘in'Mgﬁ? (not shown) show - no_éhhéncementsL“ 

The diStributidﬁs'in cos% , Fig. 8, are5thé production aﬁgular

e .

© distributions. Production via only s-wave wbuld,require these distri- TR

" butions to be completely flat. - (We will use lower-case letters to

indicate the angﬁlar momentum state in which the eta and ﬁ is producedéi P o
and capital letters to indicate the state in which the N decays.) We . - .

see that the "flat" hypothesis is a gdod one at 1170 Mev/c (x2 = 3.8 L;f 5

. for the x" data and 4.9 for the x~ data, with <X?> = L.0), indicatiﬁéi

that higher £ values may not be required.

e i e

However, the distributions in the azimuthal angle,gl ®, which aré-;jf:f_'”“

- shown in Fig. 9, indicate that p-wave production amplitudes.are also

- required. The 1170 MeV/c x data in particular shows a very definite';[?,.ﬂ;f

vé cos ¢ dependence. Production via only s-wave wduld require the o dis;

tributions to be flat. As will become apparent in the next section, iﬁ?j T

'is necessary to add p-wave production amplitudes in order to obtain a . i |

~cos ¢ dependence.

The distributions in cos e, Fig. 10, avre‘the ‘ﬁ decay ang_ular

 distributions. If the reaction proceeded solely via s-wave produétioﬁ.z">

of the A(1238), the distributions would be of the'form,.(lf+ p) cosze).':_

If soﬁe'p-wave A production were present, the distributions would no
v longer be of this form but would still bevsymmetrical. Asymmetry in
the distributions ié the result of both S-wave and P-wave decay of the 
ﬁ. The structure of these distributions is such as to be adequately

described by only S- and P-wave decay of the N (i.e., partial waves

. d”




ra

RIL

o with__ L >1lare not nééded) .

- The qualitative remarks made in this section concerning the
angular distributions are made more quantifative in the next section.
On the basis of the distributions in cos¥ cos 0, and @ we 'consider '

only partial waves with £ =0 and l;and L = O, -and 1: ‘that is, s-

 and p-wave production of the eta and N and 8- and P-wave decay of

PR

the /N.~



-d_; true if all we had to work with was one angular distribution, as we d;fﬁ;'

g _ Ve THE PARAMETERIZATION o .
If we 1ist all poss1ble flnal state amplltudes which can be -;"

~vproduced with 2 O and 1, and L = O and 1, we find a total of ten.téb?pu’*.i oW
(See Appendix A.) In addltion each complex amplitude, (2 L )9 , can

- exist in two overall I-spin states: I = 1/2 and I = 2/2. We want

to determlne whlch,amplltudes arevrequired by bhe data -and what are: N
the values of tbe magnitudes and phases of these amplitudes. The'

5/2 amplltudes can be determined from the ﬂ data, since n p

state exists only inT = 5/2. The =« p state, however, cons1sts of.

both I = 3/2 and I 1/2 Once the I = 3/2 parameters have been
determined from the n data, thls information can be used to determlne

the I = 1/2 parameters from the n data at the same momentum. ' 7}“”

At first glance it may:seem presumptuous to consider ten complex i»ﬂx

;'amplitudes with the order of only a hundred events. - This would be

-certainly could not fit the distribution beyond a few powers in the_pfﬁb:'ﬁ
. cosine of the angle and thus the number of amplitudes_which}conld be f-}.'f‘
fvdetermined wouid be severely limited; waeveryin our experiment we
d have four independent variables and therefore a total of four indepen;if*ﬁfaﬁ
dent mass and angular distributions to work with, plus all the correlafplf;
tions which exist among the four varlables. We do not fit beyond the |
. second power in any one angular distribution. We will show that_only, ,--*f. v

3/2 amplitudes are required by the ' data

four of the ten complex I

and only one of the ten I 1/2 amplitudes is required by the n data.

1]

Thus we have seven I = 3/2 parameters to be determined (four magnitudes

and three phases) and two I = 1/2 parameters (one magnitude and one
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bphéée). Wifhvfour indepeﬁdent variableé andvusing thé correlétions
which e%ist among the variables; we can determiﬁe seven paramefers
quite well with the order.of only a hundred events.
| We will'now describe our technique for examining these correlé}

tions. We then go on to describe the'procedure used to'determinekwhiéhv
of the ten éomplex émplitudes are present fbf each T-spin state and
how the values of the magnitudes and phases of these amplitudes were
determined. The results of this parametefization are then examined.

A. The Method of Moments

For each I-spin state the absolute square of the matrix element,v_;
2 _
l?nl)composed of the ten complex amplitudes is derived in Appendix A

and has the form,

ImP = 2 )t WA e + FEon)] (6

=G YYD FGWY F GEY Y
A CH(RYIHEN) R WY+ G YY:
TG+ GI(EY ALY
+C, YUYy o+ (YY)

L rGaYY, F Cai(mY +EY)

+Cu (Y + Y2 Y2)



-,w_? = .

where the C s are realvfunctions of M'PH(M%P = M ; one of our four v:

independent varlables) cons1st1ng of comblnations of the ten complex i - __;iff{
amplltudes,'(z,hj)g,_,- (see Appendlx A) and.yl 27,0) and ’Y;(O, @)-

are the production and decay spherlcal harmonics, reepectively. The - j;"; -

’”quantities,_L, £, and the angular variables are defined in Section Iv,

‘and - g<m<Z, — LEM<L.
One possible method for determing which of the ten complex - c
1,amplitudes are required- by the data is to lnsert Eq. (6) into Eq. (5) S
" and then integrate over three of the four variables to get express;ons;_}
fof the maes distribution and the three angular distributions in.tefme{;;
of the complek amplitudes. A fit to these dlstrlbutlons would then .3;'.

yield some 1nformat10n as to which amplltudes are present. ThlS pro-.gy

- -. cedure, however, does not make use of ell the information contained inixﬁs'th:{;'

- " the data, since the various correlations which exist among the four: eiﬁf?fﬁ?'WYT

Tvariables integrate out when one obtains a mass ef_engular dietrihutientif:f?f¢ﬁf~«
In order to take these correlations into eccount we project ont |

each of the fourteen coefficients of the various combinations of.the

"~ production and deeay sphericai harmonicsvpresent in-f7TZF._JWe.mekeu

" use of the,orthonormalvproperty of the spherical harmonics,

. j(‘y{" Y[‘)*(?(’:" Y:“) a(g_os T Jdees 6 ,{¢ — é’;el J;m, JL‘ J;"‘ ’ -:::-; ,. ‘. - '. '--.‘?
Thus, ‘ S | 4 | . ’nv o
Yy -yl ® ‘ . S o &
C (m? p) = fy [Vt N ¢ Y. L Acos £ deos & a(q) : (7) v

where 7 = 1/2 when m = M = o, and 7 = 1whenm = —M # 0. We define

the values, |

D = jgr [dM e C (M) ®

]



. /.“'

-5

-

where p = pq/M and, as defined before, k is the linear momentum of the

beam pion and and p is that of the eta in the overall center of mass;

. E is the total energy in that center of mass; q is the iinear momentum

of the decay proton in the ﬁ rest frame; and M is the mass of the ﬁ.
We therefore performed operations (7) and (8) on our three seté

of data.;'That is, in each of the M2 bins we added up the values of

X,;‘( Y'Y + YY) to get the distribution, p c; (M2); i.e., |

/° CG(M:) = ::“Jff& X (1}1 Y-" ;NY:‘){J'
The value of the error for each bin is given by
= A 2
. N -
J‘[(o c‘.(M?)]z :;%E:I:[}(»(% Y. + % YL)Lj]
"m lﬂd

We then obtained the value, Dl » by summing over the M? bins and -

~

%

- multiplying by a scale factor to convert from counts to cross section. |

i

Thus, .
(sca'e 'fac‘fcr) fvb;ins (a C‘(Mf)

and

JD = (&a/e ﬁc‘/:m')lfd“' - [Y (% '~ ;'Y'-M)Z}QJ

no. of evenls

. are
"The fourteen D. values for each of the three sets of data &= presented .

-in Table III.

As stated at the beginning of this subsection, each mass dgpem-A
dent coefficient, Ci_(MQ), consists of combinations of the mass
dependemt parts of all the complex amplitudes. The type of amplitudes
present: in each Ci(ME), and hence in each D;, is given in Table IV.
(This Table is derived in Appendix A.) 1In the following subsections
by comparing Tables IIT and IV we obfain the simplest set of amplitudes

necessary to fit the data.
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"siB. The x¥ Data f_ﬂﬂ_'”

1. Desermlsation éf the I 5/2 amplltudes'g.“;j-"' |
'_ From - the Dalitz plots and angular dlstrlbutlons we belleve that
“:the A(1238) is produced. We therefore need at least one amplltude
-‘representlng Aiproductlon. Of the ten I = 3/2 amplltudes, (Z L )9
_under consideration, four ‘of them, (8P, b/ . (PPwh)Va ’ ,5&,:__
represent production of the A. (When states differ only in the totel

V angular momentum,}r,'we use the notatlon, (¢ I,) 9, $a 2° ...) We.

{'-begln by ch0051ng the lowest orbital angular_momentum state.amplltude;ef*
(sP,,;)”& . Next we see from the nf part of Table III (columns la'endﬂi

. 2a) that D3, D, D7 (and of course D, since D, =¢-) are non-zero. Wee;fQ“swﬁ

>

see from Table IV that in order to make D3 non-zero we need sS-sP and/ ‘-

or pS-pP interference. (The values of J and § have been supressed).

_ 'To obtain sS-sP interference we need only to assume one additional

~ amplitude, (ss,h )%z . However, in order to obtain,pS-pP'interference:<;gf' "
‘there are seven additional amplitudes which need to be considered, all

of which possess higher angular momentum barriers than the s8 amplitude;ee;;';:f"'

"~ On the basis of always choosing the lowest angular momentum state
amplitudes, we choose the former alternative.

In order to make D. non-zero we see from Table IV that we have

>

to adad either pS or pP amplitudes. Again choosing the amplitudes with_"

the lower angular momentum barriers, we add the pS'amplitudes to our '
set. The (Psyh )y, Tfinal state originates from the g&/e inital state;
the (pS./, )y, final state from the 0&5/2 initial state. Since the

momentum of the beam particle in the overall center-of-mass is of the

B e s

TR e

U —

by

e oo s T
T, 7 2
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order of 600 MeV/c, there is sufficient "enérgy for the initial state.
to exist ind wave. We therefore include both the (ps;h Yva a;d
(pS.,2 Vv 'amplitudés. .

Next we see from Table IV that in order for D, to be non-zero,

7
we need sP-sP and/or pP-pP intérference. Since we have élready choéen
the (sP%¢ ),/,z amplitude, no additional amplitﬁdes.are required.

Thus in order to obtain non-zero Qalues of Dl’ D3’ D5, and D7
we need only the amplitudes: (sS,, )h s (sPa . )»a ,.and (psV; )% ;:2
3/ - We assume all other amplitudes are absent. This means that‘
when the ﬁ is in S-wave, we havé both s- and p;wave pfoductioh; when
the N is in P-wave, it has only J-3/2, and is produced only in s-wave.

With this éhoice of amplitudes all shaded portions of Tables III,
IV, and AII should be zero. We see that our assumption that the five
.(pP) amplitudes, are zero requires D8 through Dlh to be zero.A Except
for the 1050 Mev/c value of D8, this rgquirement is consistant with the
D wvalues, of Table'III. The non-zero value at 1050 Mev/c could be a
statistical fluctuation.

2. Determination of the values of the magnitudes nr: ~onmasn o0 ihe

!

and.phases.of thelcomplex amplitudes
Now that we have described tﬁe procedure used to determine which
complex‘amplitudés are present.in the n+ data, we describe how the
magnitudes and phases of these amplitudes were determined. Near thres-
hold the M- and E dependence of the amplitude for df)»(f L,)» can be
parameterized by /\“‘e é.i)\“ﬂ k * Pf 9 - s where the quantities

A are real positive parameters (assumed to be energy independent),

“p



\ : A .. " ,8“ v -»_i\tv_:.v
A«A are phase angles (also assumed to be energy 1ndependent), and 0&

and B are 1nd101es used to dlfferentlate the varlous states (oc 0

" for s-wave and 29 for p-wave; s1m1].ar1y 3 0 for S-wave and 2J for e

" p-wave). Spec:.flcally, for our set‘of four amplltudes,.-we have

G ULy [ M B dependenee
Py (sSw)n A, = |
,.J”z_’ (sPy,')% _ | Aoe ei)«,,a kzm(e“
. .:_n'&‘/a."-’ (pSw)y, ] Aso eex,,. P
U Fyew (pSy)ss Ay e pk?

‘where the factor, YM/qF (-,-5-1—7) , 1is the Breit-Wigner amplitude for the -

A(1238) resonance.-¢ The factor, € , is the number of half-widths re-'i 4

‘moved from the resonant energy. That is,

2
oMMt MM
Mor‘ f"/g,
where?3 : ' , 'v ;-
(_3_ [ (M+m, J/M" |
, LM, "'MP) "'mrr]/Ma' | " .
w:i.fh]'.BMo = 1236 MeV, r‘o = 120 MeV; and q, =25_1‘ MeV. _Q'Sinéejﬂthere 'is.a_n.’)‘i;iVQ.‘ A

~ overall arbitrary phase, we define A,s = 0. We further Vdefine,"_ .

F= (M/‘ir')(ztl._*f") and G =Vqr/M . Inserting these definitions SIS,

into the expressions for the C's as derived in Appendix A, and usving

the above table, we obtain for the I =3/2 amplitudes,

e D

o g
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&

é,(p(_:‘) ,-: [ A2 K] + [ZA:Bk"]F.::-p-[‘A; +2A3:}Pz

C, M) = I_\%" A, A,§ k cos'(X“.—)‘,,) + %‘ A, Ay k2 cos (x“...;'ao)l P

i

G (M) = [ AL A K eos do J6FE - [H Ao Ay kP sin Mol GF

) = T$ AnhKiens e ¥ $AnAs kleede] pere
Lt AdaK e de v 2 Ak bl per
GO = [ A, Ak eos Mo - %Agbd,,k"as)\ul/;GFe' |
B ALK M = $Aa s per T
CM) = [p AM‘Aaészos (No=230) ""%A,:k”}la*
C, M) = [ERALKF
0 = TR o0 .4 NG

‘The A's and A 's were deterxﬁined by fitting the. 1050 and 1170
MeV/c x' data. Equating the numerical value of each D; as'given.in.
. Table IIT with the algebraic expression for the D; as givenvby Egs.
(8) and (9), we obtain a set of seven quadratic eguations involving
" the four A's and three A's. For example, |

) = AL [ fpdr] +280 [ K forart] + (AL + 280k gk [o patit] (10)
which at 1170 MeV/c becomes,

(5332 500ub = AL [158xs67 8V + 280 [749x107" 8av]

+A2[1Le8x107'Bev?] + 247 [2.83x /077 Bev®] .

*

The integrations have been performed numerically. At each momentdmf."
2
we have seven such equations. In addition C, (M2), Cs (Me), Cy, M7y,

' 2 .
and C. (M”) each have two or more final state momentum dependences,

>

and therefore the relative amounts of each dependence can be fit,

@

thereby yielding more information on the values of the parameters.
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(The‘dlstr;butions_cg_(M )s Cg (M”), and C, (M) each have only one.

momentun dependence and therefore yield no:additional informétionfoﬁ‘ -

the values of the A's and@ A 's.) We therefore fitted ¢, (M7), C3 M),
..Ch (M2), and Cs (M2) and the seven D;'s at both x" momenta simultane- .

ously and.obtained the fitted values,2h

Ao = (66 t?a) [M!’/B’Yl] : A“ = (‘/-83::73) rad, .
A, = QesrB) b /el = (BP0 el
A= Gt ]t Ay = (aer2000) rad,
CAey = (i) fubleevh o e
with X*=88, <X =71, BCED IR
3. Comparison at the ' data with the results of the fit
P . Cee
With knOWledge of the A's and A 'S,' by. Eq_So. (8) and (9) we vShould “ :

be able to predict the distributions of all seven C;(ME) and the valuesv;"ffV“

of the seven Di's,and hence the mass and angular distributions ahdjthe

total cross section for the reaction ﬁ*i)—sn+bn at any momentum neaf
threshold, |

Fig. § shows the variation in cross section with beam momentum. .
The curve labeied,"u:O" is the cross section as given by the valuesk;
at the parsmeters, Eq. (11). We seerthat the'curve follows the dataf‘l ;iE‘ .j~:
' wéll from threshold to just above 1170 MeV/c, whefeupon it continues;@j“ '-ff l'J 
to rise steadily, departing from the data. (The other curves Qill be f7a 1
discussed in the folloﬁihg‘s;.zbsections.) | |

For the angular distributions the differential cross sections
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are.obtained by integrating Eq. (5) with respect to the appropriate

variables. Thus ,.

de

[(D. = !;i Dg) + (VTD) cos2 + (%E'Ds)“txi]/ [""‘ of Bim} (2)

| cos 2
% <o + (ST0,) cos @]/ Lo of bin] (O}
| \\\\Ia—e::a = l\(q-ﬁ% b,) *+ (Y§D;) cos® + (%/?D,) c«’b}/lno. o L‘ms] (%)

4
N

The values of the seven D;'s at 1050 and 1170 MeV/c, as glven by the
values of the parameters, Eq. (ll), are listed in Table III beside the

experimental values. The curves shown in the angular distributions,

.Pigs. 8, 9, and 10, are obtained by using the fitted D;'s in Egs. (12), °

(13), and (14), respectively. It is seen that the curves follow t,ﬁe
data quite well.

The mass distributions, o(c-/o[M':P ~ and dr/_d!‘{;, , can be
obtained by integrating the expression,

s = L ( aMi,,E M’i”)l m (M M-’U»)}a
(which is a differential element of the Dalitz plot) with respect tb

the appropriate variable. Thus

Ar - | 2 ’ ‘
TN (15)

it d ) .
o I Max(n.?‘,) _ .
£5 = ----HE,f oM (16)

” MIN(M;'P)

——
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“_-;These parameterized curves are shown in. Fig.,7. S

From Eq. (lO) we see that D,. con51sts of the sum of the inten; i f:r.“' 

sitles of the four I= /2 amplitudes and is therefore the sum of

25 S
: four partlal cross sectlons. These'partlal cross sectlons are llsted»

" in Table V. We see that the A(1238) accounts for more than half of -

_the(reaction.atblO50;MeV/c and about three-fourths of the reaction aﬁ -ofn«":'

1170 Mev/c, with the rest accounted for by non-resonant three body

" states in which the eta is produced in both s-wave and p-wave with the“.la

(x-p) system in a relative S-state.

v W-C. Other Experiments Involving the Reaction n+p>—>n+§ uj

We found in the preceding subsection that the cross sectlon, asv;‘ﬂjﬁ'nf‘7
- given by the parameters of Eq. (11) rises steeply beyond 1170 Mev/c’r;-;f;.
departing from the data. In an attempt to get a parameterized cross Lo

‘?section which better follows the data above 1170 MeV/c, we introduoe'i'n"“;'.'

) an energy dependence into the quantities A%A. We replace A,4q with

A%ﬁ,/'[l + (& fqﬁ(s)] where f.,(E) is a function of energy Such f;rff;
that at threshold f,g4 (E) = 0. The function fu.e(E) is chosen such Lo
that at high energy it cancels the threshold kinematical factors.and]gff"“"” i

hence o, gz (ft F) T/ K, which s 1/u tines the uniterity ..

limit for that partial wave. Thus, we choose {;6 T Ny, J%EQ » v?,

} kaf“len q“"‘&? for the non- resonant amplltudes and 41

[}

Moo ._E_m \[ Vk 2d+)

P

and q, are the maximum velues of p and q, respectively, at energy E,

and Q = E —mn —-mn—-mp. The constant Neg is chosen such that at

high energy, [%;35- [ //,o-,ozlg szj/[ Tc,,ﬁ (E)]z = _I | -'_. -

g . for the.resonant amplitudevwhere EM

o e e

. e

AT oy e



| 'where g ='F;'the Breit-Wigner intensity, for-the,resohant'amplitude,', '

and g =1 for the non-resonant amplitude. For simplicity we take the
dimensionless parameter, u, to be ﬁﬁe same for all four amp;itudes._ |
Since u = 1 for the unitarity limit, we must have u > 1 for non-
violation of uhitarity.

Fitting only our 1050 and 1170 MeV/é data to this hypothesis,

we obtain,

Ao = (n23) [ab/ee]* N\, = (#.89 +228) rad.
Ap = (212+7) l“‘/g‘vz]yz | Ao = (r3g + 220 rad,
A = (22923) [wb/Bevelt Ny s (e 2230) rad.
A = (296 £32) [ub/ BeV?] %

ws= (947 ‘ 1)

with x2 = 80, <x2>= 70.

Figure § displays the cross section curve resulting from the
parameters of Eq. (17). We see that our best fit value; u = 9ﬁ,
‘gives a predicted cross section that lies below the ten measured cross
sections located between 1.2 and 3.7 BeV/c. (The overall X2 is 80 +
'25, with < X2> = 70 + 10.) By decreasing u to 67 we decrease the
overall X2 to (81 + 15) = 96, where the contribution from our data
alone.,is 81. This is in good agreement with & X2> = 80 V3 <Xz
= 80 + 13. Thus our simple model for the energy dependence of the
parameters, A,,, involving just one additional parameter, u, gives
good agreemént with all of our data and with the ten additional cross
sections lying between 1.2 and 3.7‘Bev/c. However, in order for the

parameter values, Eq. (17), to be meaningful we must be able to predict



'L:éf;not only the value of the total Cross sectlon at a particular beam

liifhomentum: but also all the mass and angular dlstrlbutlons at that
_'momentum | | '

. The publlshed dlstrlbntlons of references (2-T7) are reproduced g

in Fig ”5 the'curves,are those predlcted by»the parameters,whlch }"'

'prcduce the u = 67 curve of Fig. 5. It is seen_that all mass distrl-en

Qo

;_hutions are in good agreement. .The production ‘angular distributions ﬁf} -

~are in good agreement'at low energy but our fit is unable to produce'pfﬁﬂffﬁf“F

* . the forward peaking that arises with increased beam momentum. The v?f}

" only decay angular distributions which are available are thosevof

reference 2, and they are not well represented by the curves. Thus;l ,gzgf?pfﬁ

the assumptlon of phases which are constant with beam momentum pro-bf“

- bably becomes inadequate, and/or more partlal waves become necessary'};*

: at these higher energies.

D. The n~ Data

While the n'p state consists of only I = 3/2 amplitudes; the.n-pa]f.iu{L“F

‘" state has both I = 5/2 and I = 1/2 amplitudes; Thus, for the n p re- _5~i;f;

V action each complex amplitude, (¢ L )9 becomes
Iw ¥, t <37/ ) o . T .
(z (u ) T ULy IR ¢ 1) B
and therefore, |

[(z:. N (4 z.,,) J] — L [(/zz_ )

’-’/a

l!:
4 ~;— [(eL )x'%[ L)y

F2 ) JU Ly
+§-[(,(LJ) IEL:
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We see that if all the I = 1/2'amélitﬁdes were éefo, then each C%(M?) ‘f
for the n~ data would be 1/9 of the cérresponding C%(Mz) for the n+_
data (at the same momentum). Of course, the saﬁe'relationship would
~hold fof each D; . |

From Table IIT we see that at 1170 MeV/c D, (") is not equal to
1/9 of D'(n+); i.e., the ratio of the total cross sections-is not 1/9.
Therefore at least one I = 1/2 amplitude is required. We‘also see
- that, like the x data, each D; (), & = 8 to 14, is consistant with

7 zero so that there is no need to consider I = 1/2 pP amplitudes. Next

we see from Table IV that if the I = 1/2 (sS,,),, amplitude is present, - -

we expect it to contribute to De(n-) through sS-pS interference (where
‘the pS amplitude exists in I = 3/2) and to Dy (") through sS-sP inter-
~ ference (where the sP amplitude exists in I = 5/2). Therefore if the

I =1/2 (sS,),, amplitude contributes, D'(n-), D, (ﬁf) and D3 (x7) are
not éé%ﬁéEXZé to be 1/9 of their corresponding n+ véiues. Similarly
from Table IV we see that if a I = 1/2 (p8) amplitude is present then
D, (), D, (=), D), (n-); D5 (") and Dg (") are not contrained to
be 1/9 of their corresponding ﬁ+ values. Finally ifa Il = 1/2 (sP)
amplitude is present, then D, (n), 35 (=), D), (=7, D5v(n-) and

D7 (r”) are not contrained to the 1/9 value. Examinatién of Table III
show; that, except for D, each experimental value, D; (=7) (column 3a)
is consistent with 1/9 of the correspénding experimental valué, D4 ﬂnf) ‘
(column 2a); the errors involved, however, are so large as to make the |

values insensitive to any inconsistancies with the 1/9 value. Thus,

other than the fact that at least one I = 1/2 amplitude is required, .
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B '."comparison of the%experimental T values with the experimental 1r

‘_",'j_._values (comparison of column 3a w:l.th column 2a of Table III,) leads G

7 “to no new information as to which I= 1/2 amplitudes are needed.
However, if we now make use of the values of .the I-= 5/2 ampli~ - d
.. tudes as determined by our fit to the :t data, we can compare the - -

e “:D (n ) values (column 3a) w:Lth the D; (1( ) values of column 2b.. If'__'

', ;,_.this is done, we see that D, (n” ) = 2. 90 1.63 is almost two stand-‘-“,,'i.f\.,:.'v_. I : 1

o ard deviatlons away from 1/9 of D, (=F ) = 0.13, indicating (from

' Table IV) that sS and/or pS I= 1/2 amplitudes may be present.

© s vt .

: Cons:Ldering the three I = 1/2 complex amplitudes, (sSV,),,: s
;(pS.,z),,z 3’ we proceeded, as we did w:Lth the 1t data, to determlne
the magnitudes and phases (or the real and :Lmaglnary parts) of these

‘ amplitudes. Each o (ME) of Eq. (12) was modified to include the -' "

I 1/2 parameters. As prescribed by Eq (18),

A"‘ﬁ e‘xm —_— 3A°¢ e‘ 4 % Bme‘-% ®f =00 10,30 .o

- . and

A‘P e‘kq‘ —_— ""A e‘kun R ‘ o ) bﬁpz 03 .

il ‘where the :B s and the "p 's are the magnitudes and phases, respect- .

- ively, of the I 1/2 complex amplitudes. Using these modified Ct _
' Co (M ) and D- expressions and us:.ng the A's and A s of Eq. (ll), we
e : 'v’fltted the data in the same manner as we had fitted the ‘.W. data s
U and ovtatne, : o R
. Re {B.e™} = (381’13)[»1»/&\/ 4 Imie.,oe“’w} - s"")[»b/eevq’ﬁ

Re 1 Boe™} = CeaZf)lub/aevt . Im{B, e} =( 772] 1) [ /Bev) s
- Re { By e} = (151 23D b /me vl Im{Baoe ] = Crerzelab/er )%
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with x?:_-_ 34 and X x> = 33.

We see that B,, and B,, are consista‘nt- with zerd and that
therefore (sSy,)y, is the only I = 1/2 amplitude needed to fit the
data. (Had we limited ourselves at the beginning of ‘this subsection
to only one I = 1/2 amplitude, the simplejst hy'pothesis would-.have
been (sS./,‘,_)_yz ; all other amplitudés are suppressed due to angular

- momentum barriers with no strong forces acting, such as in the A(1238),
" to enhance any of them.) Setting B,,= O and B, = O we obtaingh'

| Boo = (93 *!))[ nb/Bev2]" ¥, = (51253 huf.
with & = 37, <E> = 37,

The D; («) values as given by the fit are given in coiumn 3b
of Table III. D; (x ), i= 4 to 7, are of course 1/9 of the corres--
ponding D; (:r+) value, as given by the x fit, since B,, and ¥,,

do not enter into the expressions for these Ds. The angular dis-
tributions are shown in Fig. 3, 9, and l0; the curves ars the distri-
~ butions as given by Eas. (12), (13), and (lh) using these fitted D;
(n7) values. Agfeement is good. |

Since the (sP,,),, and (PS‘/)Vz’,% amplitudes afe assumed to be
present only in the I = 3/2 state, their relative contribution to the
% p reaction can be con'i;puted as follows: |

relative relative ' : o

contribution o~ (7p -—"rr',o?) = ..‘!7. Contribq,"’éon‘ av(fr*‘o—-s1r+P.z)~ |

to m-p reaclion ' & ”f)’ reaction
Thus since the reaction :rr+p - 1A(1238) accounts fdr ™ o/o of eta

production in the :rt_+p reaction at 1170 MeV/c, the reaction n p — 1A



;{(1238) accounts for 1/9) (73 / ) (55 5-Hb/i5-
‘ﬁ:rf?productlon in the n p reactlon at thls momentum I Slmllarly: 6 /
‘yi"ﬁéln the 7 p reactlon proceeds via I—5/2 (PS) amplltudes. ‘The remalnderi:
aiof the reactlon, 67 / ;- is accounted for by the totar s8 1ntens1ty, SE}
'i?;whlch is- composed of both I=3/2 and I-l/2 amplltudes. We cannot sayl
;;;how much of the reactlon proceeds via- the I 1/2 sS amplltude alone or.
;;v1a the I-5/2 s8 amplltude alone, s1nce in any expres51on 1nvolv1ng
_.j;these two amplltudes, there is always present an 1nterference term be-ﬁ
; fxitween;them.zﬁ Th1s 1nterference term is’ present sin C (ME), and hencew
..lQpﬁin dp;/dM§+ and in da—/dM . Thus,-only the total sS contribution
Evg can be given. The relatlve contributions and the partlal cross sec- ﬂ:

:wf tlons for the n P reactlon at 1170 MeV/c are listed 1n Table V..~
‘Mf,;ﬂ- parameters, are‘shown in Fig. 5. Again, agreement is good.

*'ft;constant w1th beam momentum and an amplltude dependence as prescrlbed %_

in Section vC w1th u = 67, we obtain the dashed curve of Flg. 5.)>The'“fj

. k and 2

' that the N (1688) and the A2(1.300) are produced in additlon to the =

9.ub) _;2730/’ of eta

The distributions. in Mi? .and Mip , as glven by the values of thet

If we extrapolate the 1t parameters, assumlng phases which are B

. curve is in good agreement with the n~ cross sectlon points.

There are no mass or angular dlstrlbutions publlshed for points 'f~

s 9.

For points J there are mass dlstributlons whlch 1ndicatei

"YA(l238) Thus more amplltudes are necessary at hlgh energy. ’QF‘]j;*Q,.%fﬁf;j'

B The N (1550) - np Resonance

-In the last few years the ex1stence of a resonance, the N (1550),'f;ffv"f’

which decays mainly into np, has been inferred on the'ba81s of phase’
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shift.énaly51s of ﬂ-p elastic scattering26 aﬁd'qn ﬁhé basisvof éxperi-
'ménts whiéﬁ exhibit a cross‘sectioﬁ ehhancemént neafvthreshpid'in the
reactions rDp —;nn and  p —§nn.27 This resonance, ﬁdwever; has yet
to be seen as.an enhancement in the (1-N) mass distribution in-a
reaction involving the final state of ﬁhree or more pérticles. |

vWe see from our Dalitz plots in Fig. 7.that the mass and width
values of the N*(l550) are such as to fill up the entire region of
fhe plots; tﬁus it is difficult to deduce the presence or absence

of this resonance in our experiment. In order to make use of all

four independent variables and all the correlations which exist among . -~ -

the variables, we have added amplitudes for the production of the

* ' ' .

N (1550) resonance to the matrix element. (See Appendix B.) The C;
(M?np) expressions derived in Appendix A are now replaced by more

* complicated expressions, C; (Mir ,bfip

), and these new expressions
were used to fit the data.

For the n' data we included in the fit I=3/2 amplitudes for s;l > B
wave and p-wave production of the N*(l550) along“with the original '
four I=5/2 amplitudes of Section VB. At 1050 MeV/¢ addition of the :
N*(1550) amplitudes does not changé the chisquare miﬁimum from that
obtained with just the original four aﬁplitudes. At 1170 Mev/c we |
find a'chisquare minimum at Re {s-wave'amplitude} = (-hf13) {ub/
BéV]% Imf{s-wave amplitude} = (-8j?5) lub/Bele and é-wave ampli-
tudes equal zeré, with X2 = h1.0, <x?> = 38; setting both s-wave andf
p-wave N*(1550) amplitudes equal to zero we obtain X2 =hé.5, <X?> =

*
L0, Thus production of the N (1550) — np is undetectable in our



'*jﬁproduction equal to zero, since the xt data shows that none ‘are -

In fitting the * data we set the 1_5/2 amplltudes for N (1550)

.i.ﬁ

'w;required. We find a chlsquare mlnimum at "~ Re.{s-wave amplltude}
= (1. 12 1) [pb/BeVJ IM{ s-wave amplltude} =(0.3 * 1. 7)[ub/
&nd, and p-wave amplltudes equal . zero, w1th X? = 37.7, <X >~ h3

- settlng both s- and p-wave N (1550)_amp11tudes equal to zero we )

- _-'obtain,_xe = 37.8, o> = 45. Thus, the decay, N (1550) -»np is -

'vtundetectable in our n data.

. ) + 2‘», . “':( e
We qext ask, what are the upper llmlts for the reactlon TP —> ;;_ .

on N (1550), N (1550) —>np? When the.matrlx element contains ampli-”:>

":itudes for N (1550) production the cross section is not cémposed of i

“.the sum of the partial cross sections'due to éach amplitude. There. AR

“are always present 1nterference terms 1nvolv1ng the N (1550) 2 Thus;._'vgl_;ir
'~.‘1n obtalnlng an upPer llmlt we cannot quote a Ccross sectlon due-to  :fi.

‘the N (1550) alone., If, however, we attribute all 1nterference terﬁé'

- involving the N (1550), as well as the N*(l550) intensity‘terms; td:"

ithe formation of the resonance, we obtain at the 90 / cqnfidgﬁce"'éﬂ

"-1evel,

r(_"r*".» ﬁ’N*(IS’SO);'N“(’sso)"'?F) B | v I I, ’
o (Mt~ 1¥py) - € .08 (0 3’,“5) ot 1050 ”W/c

< o. l? (/o.: ,ub)a-é N7o MeV/;




.. Assuming the I=3/2 amplitudes for N (1550) production are zero, at ' .

/1170 MeV/c we obtain at the 90-°/_‘confidence level an upper limit

. . . ,. . * . )
. on I=1/2:N (1550) amplitudes of 7.6 b, or

o (Tp ~» TN*(1550) ; N*(;ss'o)-.»zp) |

o (r-p -7 pn) = o 46_"



: f[;partial wave analysis was made, using our n data at 1050 ‘and 1170 '

by the x data and that an additional 1=1/2 amplitude, (ss,,,),, , is g

""7arequ1red by the n  data. The magnltudes and phases of these ampll- v;

w,gjf;?tudes have been determlned.

",e”dominated by the I=1/2‘amplitude in which all particles are in

-~ . variation with energy, and mass and angular distributions which are .~

"1“eA:Siﬁpleapﬁenemehoiogieal medel hasibeen pfeseﬁtedVWhich'des;i $;.ff,

.Z".cribes eta productlon in the reaction ﬂp —aﬂpn near threshold.: A iiﬁf»J?f"”P

ir_MeV/c and T data at 1170 MeV/C, in Whlch it was found that four e

1=3/2 amplltudes, (ss,/,'),/1 (SPma)»a and (pS.,a).,;,',al,2 are requlred

" It is found that the,n+p reaction isfdominated byvs?wave pro-ﬁ}j

" duection df_the A(1238) - n'p resonance, while the n p reaction is

‘relative S-states. The fitted parameters produce a cross seetien-;if;jiﬁ

in good agreement with our data.

| The parameters were then extrapolated to higher energies,where"ﬁ"?'

- - we obtain good agfeement with the energy variation of the.crbss'l ._ff”ﬁ;fg":_ﬁ

seetion and with some of the published mase and angular distribatiene;a;affﬂ:;ké’
It appears, howevei, that as the beam_mo@eatum inereases;'an ene:gyef?
ivariatioh of the phaées and/or more paftial’waves probaely-become
necessary. | , A

We farther find that the reaction mp —;nN*(l55Qk N*(1550) ;anp' ,:':

is undetectable in both our n+ and n data; upper limits are obtained. .
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S v-rwhere the p_ are bhe Clebsh- Gordan coefficients and the’f (% co)
E “are ﬁm spherlcal harmonics in the varlables "i- and CO) A Expandlng

o further)

B
APPENDICES -~

" 'A. Derivation of the Matrix Element = -

We want to derive the absolute square of the-matrix element,
"Eq.(6), arising from the ten complex amplitudes considered in Section V.

" The ten amplitudes written in terms of Ly — (a15)g " are listed in

Table AI. (See Section IV for notation.)

We take the beam direction as the quantization axis. (See

_ Section IV.) Along this axis the initial n-p state has - 8‘2 = é— g
the spln pro,]ectlon of the proton, since there can be no component of the ‘f v t

o initial orbltal angular momentum, L s "along the b.eam. We expand the L :
states ( zLJ) 9, in terms of spherical hérmonics. 'In general ' D o7 i
_,-_—(a_(ml) ML:r 991

| ( 4 ":3}

it

= QCM)% /A,., ;‘ﬂ (‘f’ca)’TM>

—fzms! ond =YEM €T, .

e - 2 '< L 4 Ml T LR 14, m>

M=M -Ms

g_ v, Y (M)xs

where the ')*',., are ‘%he Clebsh-Gordan coefficients, the YM (9 ? ) are f'
L —LEM<L, XMe L mi T
the spherical harmonlcs in the variables © and ¢ , wmﬁﬂ& ) are o 1
AR or and Ms=2%, o : T
the decay proton s‘pln proqectz:o%s, Combining the two expans1ons we have |

s *p

(10, = afEF AR HEIVIEAL

where wzo Yor L=o and =29 Jaor fﬂbl; ﬁ,o for Leo and B=z27 for L=



. In terms of this expansion the ten final’stéte complex «amplitudés."

are:
r_(sS‘,,‘).,a =
(s Pva)-y; =
 (sR)y =

0 (P s'/z)yz =

(r Vl'/a

(P -P’/?)Vg

(PP, =

wlae-;'e.' the ‘wpper $iqn is used when +he spin projection ot the witial

proten is +X, and the lower sign ts used -when the Spin p'-cjea‘tfan_

-35- .

a'uoi ?Y°Zry‘ }
0., { ot 72 ‘y’Y‘xin r,z;y y? X”’z

}
G { mYoves + Vg i Yf'):"’*}
3
]

@, 3 V% LYSA 2 0 FN AT

a,§ BYYE+ Byt Yoo

= a, {I——;— PR 22 A E Al

HLGuY - Gueyrlety

I35 vy 5 Fyivlen

RNES *'Yf t 3y Y.""x’y} |
,3{[ Eyive - Eyy - 30vH] X
+[-3WY + ’5*}?.‘. 1R RAL
alt 97" ST W SR
+{-,,-,+, R AL SR |
a L VB YE + EHY + 7R ol

tlhaew s vl

s ~va, (Al arju.mg.\{s have been Su,PfreSSeo[.)



B where ?n is that protlon of ‘bhe matrix element for (9,1 _ +2 and‘?’n 1s N

© where

The matrix element is now the sum of these expanded complex

amplitudes, S

m* = Z W )ﬂx” ("BqJZ E/“»«V 34 (f“’w (Q‘V)zt/zga

for- 9,2 = -% and the factors dependent on & and & result from the S
“expansion of an incoming plane wave into an outg01ng spherlcal wave. The o
. . ‘ . ’ 2 ., -z ] ) . . C 4 .v_';i., o (!
' desired expression, 5'7. €6y, is lm )2 = ™+ AR, LR e

g

We can now gather terms and write

m? = Gtxt* + Hix‘;”/z‘

S | + \r-gc +za°3)‘1¥o\r' - -v T T
o 4 'é‘[(a,, + Zaa,),...ﬁ( =/,a. __3{_;_/: 3).}.?”_ S

I_Co‘u d,,) ZVI (c":a‘“l V.Z"a?a +3 V-?/__;a”)] ’7(/” Y“ |

+ % (an-2 W a, + % a )"a'" Y

H* = \F Cez,, ag» %"Y"
- r Cam 4@3)% Y,i' » e e
".' ““'\%‘ ICOLH +2a?') +,*—rl§ (OL,3 + )/57;_43; “‘5’{37; as_g)] v'g'o Y-E;o

g‘ IC“H -a,) + #”i‘(% + 4275 Q;, + 3} s 0(53)1 ‘Ya(Z'z'Yl"
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3
k
;
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e e i e L N e T SEEIRT S R R,

- =37= ,
We note that upon taking the absolute square of the amplltudes

.‘G and H" the variables ;9 and @ always appear 1n the combination (?-w)

- As defined by the spher1ca1 harmonlcs, ¢ and ¢o are measured with respect .

to some coordinate system fixed in space. The angle ¢ - is the azimuthal .

angle of the production plane in Aspace; it is of no interest in this .experi- '

ment. What is of interest is the angle (ﬁ-—w) the azimuthal angle of the

.

decay proton with respect to the production plane. We therefore redeflne

the angle (¢@-«) as @

The absolute square of the matrix eler_nent,I - )'h’”z is now

. _ i .
~ obtained by taking the absolute square of G and H'. That is

Jom)2 -

]

T S

]

_Lg IG—*lz + IH*fz + IG ‘z + )H'I"

Ga.tkermg up terms: i}u'é Aewe tke same a.n3u.lu' clependence we hawe

mi*= 2 coon)s [y (fo)Y'"(Qqﬂ)-F " (20 Y w)]-'_

pN: +9%f;t%%w | )
CEN SR
MR A S A
FEET F G E )
Q“&fh“‘ G AR Y
N AR N CAR A0
Co 2CRYT YD)

Y



; ,,'V-‘._.__‘:;comblnations of the various complex aa,e s The dependence of each

e ested spe01fically in the vaLues of the total an lar momentum of
" . gll

s G and H simpllfy to

m3ge

where the fourteen C s are real i‘unctions of M p result:.ng from

o Cl( ) on the a (M )'s is given’ Table AII- Ir we are not v'lnter-.

‘the state) and J (the total angular momentum of the’ final x-p state),

4

.we can look at the type. of terms, _<£ LM L > whlch comprise. each if

: c. (M

i eﬂp)- These terms are llsted in Table IV for each C; (M np
‘exam.ple’ from Table AIL we see that C) = <(o-.o +2aso)l(4za.+ 20,5) > ':' L

L+ 2 (a“] (220 e /(a.ﬁ/-r- W?a//-mﬁ/?a”))' If ve'are not .-

: '  interested in the values of 9' and J, we see that Ch cons:.sts of ‘cems G

o of the type <r5)sp>and <sS’ P P>

In Sectlon V we show that the only complex amplltudes whlch

need to be considered are (sS ‘/z)y ) (,SP.’/‘)’/?. and (psyl) Vz_’_%to Thus

Gt = %o + (a.,,+243,) cos ¥ 4+ 2a.,c059
- Hz .-. ( a;,) SI.n.Se tiw —_ a.o, s«.n@e“'?
" and each C; (M. ) smplifled considerably; all terms in Table AII

f,. and Table Iv whlch are shaded become zero. ;

" We therefore have: -

6 = laul® + 2lanl® + la P + 2)asl?
e = & Re(al, @, + 20—2 a,)

= 75 Re (2h @) »

¢, = 4 Rel(ala, +2a, a—oa)f.vl"

¢ = % Re (a, a, a, a,ag?

C = é;“ | a,1? +;.’>Re( a,)

G= & B |

). For.. ‘

(A2)

e rerenngonn



U

Expreésing each complex a ) in terms of LA a8 Hkinematical

«FKM
'factor][ e,"\"'" J as prescribed in Sectlon V, we obtain Eq. (9)

B. TInclusion of N (1550) — np Resonances Amplltudes

:‘Ln the Matrix Element

In Appendix A we show that

6t = a, +(a,*+20,) cos ¥ +2a.°3cosg—

HE - (o.,,-—a,a) sanse:‘ - a, sindel? - (a2)

-if we consider only the complex amplitudes, (sS./x),/z. (sPy,)s, » and
(pS ./a) va, '3/.»2: . All quan’gltles are referred to. the (n-;p) rest f‘rame
"and are defined in Appendix A. | |

In addition to the above amplitudes we also want to consider s'-.
and p'-wave production of the S'j-v;lave resonehce,'the N*(]550) - np.
(We - will use primes to indicate quanti‘bies referred to the (n-p)
rest frame in the same way that‘the \rnprimed quan’t;ities are referred
to the (n-p) rest frame.) Production via d'-wave and higher need net
be considered since these waves produce terms in coss’f and higher,
cosBG and higher, ‘and cos2¢ and higher; these higher order terms are
nof required by the data, adding ampiitudes (s'8',) and (p'S'..,‘2 ),/2'
Cand y; _to Eq. (A2), we have _ -
6t = (a, +al) + (a,,+.2a,3°) cos £+ (@, +2q’3°\ co‘:f g +2 a,, cos &
HY = (o, =~ay) sin¥ e.*':w + (Q,,,,"" 4‘3;) sin S'e,:;w'- é.n SZAOQ:;?

By Eq. (A1),



8 . + __a_“ ,(-1 o+ 3coie 9)

. f+ <a 2oy v o => BRI

- :"' (d" -Za, a.ao + al}

’

Lt (baa, rial)ets o

s + (6, o, + 34,”) cos s St .
+ ( Za.)oa.m _-_*- Ha,,‘, + 'fa,,o + Sa.,,a,.) C“E “55
U+ (2s |
T %5,,”,"'(2'“ a, +‘,Qw%»:+2“ a, + &[ ,o 3) c.osi’
+ (Za a, +4a. d’ +2alal, + ‘Ia. a,o) cosi
7 ~'_;»+(l~/%a_,, +4a, a,,) . |
" +<‘~Ia. +80. ,a, )cas‘i’ cost .
"'V”-+(4a a,,3 +3‘a,, a,)coss’ i@
i ‘7 + ("Za. a, +Za. )Scni’ sun@ .CO‘ (“)"9’)

+(-2.a. a,, 4-2.%@“) sing’ sm& cos Cw"';ﬂ)

b-‘.» wkere, we wuse 'Uue sko»‘l‘.‘ha,nc( no'ta,taan l'a.:ﬂ ' 3}"

a8, 2&,,,4'30"‘.2@ % +'2 )Scn{ Scn'i eos (to-.w) \




- 4= | |
~In Eq. (Bl) we have a mixed set of variables So that‘we may know

whlch quantlties belong in which C; , the variables'cqsf', sin¥’cos w',

and s1n!’sin w' must be expressed in terms of the independent variables 

cos¥ , cos 9, and ¢., As in Appendix A we define the azimuthal angle, w,
to be zero, thereby defining the plane of reference.
In order to express cos¥ in terms of the independent angles we note

that by Lorentz transformation

tepaAlERE v ] 0

* where 5: and € are the momentum and energy, respectively, of the pion in

g the center of mass, and

- . P ¥

g = ~Fe
(B3)

. e
L4 M

—— FS a
e%.- V P 4-w%
Using Eq. (B3) and the fact that

(E—G?) - M* (E-e’l-rM)(E e -M)

E= ¥ (6=F P)

we get

Fe Pk




- f,,vspace angle relationships s

The z- ax1s, the dlrection of the beam in theicenter of ‘mass, is common

. to both the primed and unprimed coordinate systems s '.[_‘herefore taklng\_:: e
the z-component of Eq (BA}) we get ' B - " o
B cos'i_ (-—-)- ‘cos © — (E;z) cos’f (BS’)

' To obtain the other two angular quantities we need the follow:.ng

ﬁ. § = cosX eos 0 + sin% sin Q{cosi P l_ . (B6) '
 $'.§ = cos¥cos © + sin? si%nO.cos (p-w') S -'(B7)5"':"
' 55': cos¥ cosI + sin? sinx’ cos w' :-A " 7 (B8 )

Mk‘-Now equate Eq. (B8:) with p dotted w1th Eq. (B’a‘) and use Eqs. (B6) and S

o ._';(BS) to get

.. To obtain the other angular quantity equate Eq. (B7) w1th a dotted ’

' with Eq. (B‘f) and use Eqs. (E5), (B7) and. (B‘?) to get

sinf’cos w' = (L) sin© cos @ — (T&) Smf : - (3‘7)

sm{ stn . w' >= (q =) smo sin cp : T (Blo)

- We now put Bgs. (BS)," (B2 ), and (BlO) into Eq. (Bl) and converting

to spherical harmonics we obtain the quantities C; (M2 M ):i.

e Co(E1)
c, (nl w) = {(a, ’_‘zazsv + a, +2a, A,

‘f‘( a’: + zaoaao> .'-'

i.,
P’

- (za‘ma/o + J/azoa )IE

o f+ (o + 2430)[("1//, + (..&)] }

+ (Ha,al,



-3
o0 30

cz'j,m:”n"*) f (ontn rrane) ¥ (2o, +dala,)

_(za,,a,, F Ya,a,, + Za al, +‘/a )_._;3}\# ‘

'C (N‘ M") x { (‘/a ao3) + (l{a 403) N

+(2a a +#a°0a +Za a"" +’/q,,a,,)ﬁ‘;}?"§'

&, 0, m) 2 { C‘fao,a + 82,a a)
: . .f'“("}aoga,, +<3a03a_3°)~—-ﬂ
+ (Z 70 /o + ‘707003 + ‘/q aiv + ‘8d3’ a30> 3,

’E ) . e
~(2a} + 8aLal, + ?ab) P"N | , }';T

C (M, n.z ;(4 %o —4a,, on)
—.(’10’03 /o ’/aoa “30)

e, o 44 Qo3 T ‘/Q,o “30 4“30 dao) B

| wl~ ‘,.' ‘

,%(-‘/q,; r8cl,al, —4ai)Tea };
. . Pl’-

- C‘?‘,(M‘,.M'z)f { (Za;,a ,Fas)

q-z Q-
(2 430 +a3,)-—;~;

vt . .' (2 ID 30 + 2a/0a30 +2a!0a30)-"£ } —-r-;_a: g

e, M) s (aa;) + (Ra,a, +24 %

+ CQQ,oas,, + aw) }



,‘.v:of the a s.,. Fbr the n p data the. M2 dependence 1s g:Lven 1n Sectlon V

o with” M_ = 1550 MeV, [ =130 MeV, x = 0.30, and q_ the value of q' at’ .. -~

;.’q.;f;-‘.,':_‘ e :' '
' 2 - 2 2
We now need the M dependence of the a s s and the M' dependence

"'.v:and'the,M'z dependence is as follows: . e
(W) = K e k VRIT (f':f' o -

e, ) = A ,' 7 )_, L ma)

.gﬂ e, (rrt)i,=i-A;° e 5 ¥ k* J*?;C;??" (_gggg:)_»p. - 3

e | o RN B

S :el” - (M::T.M’z)zv/r'lmo:

(L))

N

S

R

: “,resonance. g

Substltutlng Eqs. (11) and (312) into Eq. (Bll) glves C; (M2 M' )'”“';’°’

- expl:.c:Ltly in terms of the A's, X 's and various momentum dependences. e

_.Now, 1ntegration over M'E, one varlable of the product:.on Dalitz plot
glve the Ci s in the other variable, Ma. Treating these new expres- e ,

" sions as described in Sectlon V, we can fit the 7 p data and determine

- the quantltleS' A, A' sy A A'. ) A.o ’ Xso o

For the n p data we make the substltutlon Au,s e‘;“’? ____,.
é’-A'ug e,‘ )“‘3 + 5 B;,g e and A_q,se e T As it 'except that = - -

eA ey,

| Aooe P — .%Aoo e;'AOO + %—Boo e . Now fltting the;ﬂ-p- d'atav, e

‘we obtain the quantities, B:% and 'V,‘; .

R S
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138 (196h).

_and then to the N rest frame. Because of the non-linearity of )

vl velocity addition in the Lorentz transfbrmation, the z- ax1s

_'directly.

. butions have been folded about 180 . : Virkelf‘

model in which the A is made "directly" in the same strong re- -

" action in which the eta is made. If we' choose the model in Whlch:i

- The lab quantitles were first transfbrmed to the center of mass .

obtained by this procedure differs by a small rotatlon from that “iguﬁigﬂ'.

obtained by transforming from the laboratory to the: N rest frame ilf;;f;f;

f Since parity is conserved in strong:interactions, the @ distri-,;d

The factor VM7q'arlses from dividing out the two body phasev'

space factor; the factor' UQ“ appears because we choose the

the three final state particles are made dlrectly and then the A
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~divide out the radius of interaction.
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. It is interesting to note that the factithét there are no intere

- ference terms between one partial wave and another in the cross

_section expression, Dl’ is a general result and not a consequence..

-of'the particular partial waves chosen. (For example, see Table ft.

AII.) 1In order for Dl’ and hence the mass distributions da-/dMiP'll
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"rise to interference terms is that the matrix element consists of
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| Fle. L. se
' - 'i'not shown 1n the diagram, is used in the n beam to separate
o ‘i?:n+'mesons from protons . | | |

: fig;}g{}
”i'épquantltles) for events which fit elther of the reactlons

'cT»n P - pn n (n or 7) with a x2 < 8. 6

SRS +
R 1170 MeV/c 1n01dent T

i?57¢° 1170 MeV/c 1n01dent n

5 FJ.g 5.

©* Fig. k.

“ob. 1050 Mev/e incident "

N R ‘ - 86~ ; k
FIGURE CAPTIONS

Schematic diagram of the beam optlcs.f A'masstpeCtrometer,yj;g‘fff:

‘The ‘distributions 1n the m1ss1ng neutral mass (u51ng unfltted

The 2C X dlstrlbutlon of the 275 events fbr reactlon (3)

2 (solid lines). The dashed - llnes represent the theoretlcalﬁfgtiﬂf“?;: o
- 2C x dlstrlbutlon normallzed to 273 events. o A - |
1 The dlstrlbutlons in the invariant mass of the n+ﬁ pi¢ (u81ng
unfitted quantitles) for events in Fig. 2 for whlch e (mlssing
;.neutral) > 0.010 BeV2 There are two pions of the ‘same charge

| ‘_iin the. flnal state; only that combination of M (n'x K3 ) whlch

jis closer to Mn 0.30 BeV2 has been plotted.._

a. 1170 Mev/c incident n"

b, 1050 MeV/c incident x*

| Fe 5.

" dots; the n. data points by open circles. See Table I for 1:7:"”iulaA

‘e, 1170 MeV/c incident %

+

Variation. of ¢(n p - Dpn; N —)n+n n ) as.a function of incl-'lw

. dent beam momentum The ﬂ data p01nts are 1nd1cated by black

'references.. The u=o curve is the result of the threshold para- o




,-.37;»

-'meterization of’the xt data (see Section'VB)."The other solid

Fig. 6.

curves are the results of the modified parameterization of :_
.'Section VC. The dashed curve is the u_67 curve for the n
‘data.

Mnemonic (non-relativistic) diagram in velocity space depiet-

1ng the two-step reaction mpp - N; N - "In the overall :
1 ‘DPp° |

| " center of mass n, has orbltal angular momentum &f and llnear.

B

" ‘momentum k along the z-axis; 71 has orbltal‘angular momentum ‘

£ and linear momentum P. The two vectors, k and P, define

. the production plane. The normal to the production plane, k

P T.

_ angular momentum, J, decays into =«

x D, is the y-axis; %= § x 2. In the N rest frame the z-axis

" is in the production plane at an angle I'fromvthe line of

flight.of the eta; cos ¥ = “-Q. The N of mass M and total

D and pD w1th orbltal angu- u
lar momentun L and linear momentum q; cosG = q-z, = tan

[§:-%/§-% ]. The total angular momentum of the system is

3;; the total energy .is E.

Production‘Dalitz plots and mass squared projections. The

r‘curvesvare given by Egqs. (15) and (16) using our best fit

parameters.

‘a. 1170 MeV/c incident '

" b. 1050 MeV/c incident x

mg. 80.

Ce. 1170 MeV/c incident n

Production angular dlstrlbutlons in the center of mass. The.

',curves are given by Eq. (12) using our best fit parameters.'



L1170 Mev/e incident xT
blosoMev/ Clnc:.dent o R

'c.ftv 1170 MeV/c incident x™ -
Flg .j 9 N azimuthal decay angular dis_t?‘i?’u.tzi°v'.‘s"‘.."-The_ :é“-r‘.’.esila‘ré ineﬁ-

ff_by Eq. (13) usingipur best fit paiameteré;f/f

 “a. 1170 MeV/c incident n*

. b. 1050 MeV/c incident m"

. e. 1170 MeV/e incident x”
. j :f1é;iiC:'ﬁ P;lar décay angular distribgtioﬁé2  Théfé£?Yéé:gfehgiveé i;fi
- : ﬂ?ﬁvaqQ (lh) using our 5est fitf§;raﬁé£érs; A£ | | |
e 170 'M'eV/.c_‘.incident " R

o 2050 wete snetaent <.

- 10, 1170. MeV/c incident ﬁ‘v_
. 2'Fig;ﬁli;:Mass and angulér'distributioﬁsTer“theiéegctiéﬁ.n+PV¥;#¥bﬁvfff:aﬁ?
- v.ftpublished“iﬁ references (2;7)':“Theiéur§esiareithése'giveﬁ.b&igf
.. our parameterization of‘Sectioﬁ:VC:_énd_g?e-néhnalized't6 §ﬁée?};i

“total number of events,

Ca. Mass distributions

b. Angular distributions-




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

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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