
111111 

1"'""'" 

UCRL-17302 

University of California 

Ernest O. 
Radiation 

lawrence 
Laboratory 

REGGE-POLE MODEL FOR THE SECONDARY MAXIMA 
IN 1TN AND NN SCATTERING 

AND THE NO-COMPENSATION MECHANISM 

Charles B~ Chiu~ Shu- Yuan Chu, andLing-Lie Wang 

April 24, 1967 

TWO-WEEK LOAN COPY 

This is a librar~ Circulating Copy 

which may be borrowed for two weeks. 
For a personal retention copy, caff 

Tech. Info. Dioision. Ext. 5545 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



To be submitted to Phys. Rev. 

UNIVERSITY OF CALIFORNIA 

Lawrence Radiation Laboratory 

Berkeley, California 

AEC Contract No. W-7405-eng-48 

UCRL-17302 
Preprint 

REGGE-POLE MODEL FOR THE SECONDAR Y MAXIMA 
IN TIN AND NN SCATTERING .. , 

AND THE NO-COMPENSATION MECHANISM 

Charles B. Chiu, Shu- Yuan Chu, and Ling-Lie Wang 

April 24, 1967 



" 

-iii,.. UCRL-17302 

REGGE-POlli !v!ODEL FOR TnESECm!DARY W-G{U'A IN 11'N .AND :NN 
.r. 

SCA'I"fERING AND THE 1m-COMPENSATION MECl-IAIHSM 

Charles B .. Chiu; Shu-Yuan Chu, and Ling-Lie Hang 

La"rre~ce Radiation' labora.tory 
University of' Ce.lifornia 

Berkeley, Califol~lia 

April 24) 1967 

ABSTRI\CT 

+ 
The dip':'bump structure in the low-energy 11'-p elastic 

differential cross section has been studied. We find that a zero in 

the helicit.y nonflip amplitude ofthc P' t.rajectory gives natural 

explanation of this structure. At the same time iore have. consistently 

+ 
fi tted the high-energy. 11'-:-p total and differential cross sectio!1s) 

-the 
± 

11' P polarizations,) and the 11: P charge-exchange differential 

cross-section data. The helicity nonflip amplitude of the P' 

trajectory will vanish at ~, = 0 if the P' trajectory chooses 

what we call the no-compensation mecha!1ism.· Consistent "'ith our 

.-

± 
11' P 

solution, the pp and pp total and differential cross section can 

also be well fitted. The secondary maximum in the low-energy pp 

differential cross section is reproduced. 

'0 
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I. INTRODUCTION 

+ 
The secondary bumps in 1(-P _elastic scattering have been 

measured extensively by. Coffin et a1. of the Nichigan Group.l,2 

3 
Some of the data are shown in Fig. 1. One sees that the general 

feature and the magnitude of the dip and the secondary bump for both 

+ 
1( P and are roughly the same. They are quite pronounced at 

2.5 GeV/c and decrease rapidly with the increase of energy. The 

-similarity between 1(+P and 1( P secondary bumps and their smooth 

energy dependence imply that these bumps cannot be dominated by the 

direct channel resonances, instead they are dominated by the t-channel 

(1(1( -+ rill) exchange contributions. The contribution to the differential 

cross section (d.cs) due to the t-channel exchange of an isospin 0 state 

is given by the expression 

= 1 {dO' ( + + - - 1( p -+ 1( p) 
2 dt 

l 

Since the charge-exchange secondary bump at the same energy is about 

a factor of four smaller than the bumps in the elastic dcs,4 the 

resultant (dO'/dt)(I=O) should be very similar to that shovffi in Fig. 1. 

We have checked t~~t (dO'/dt) (I=O) in the secondary bump region can be 

approximately fitted in a model-independent way by the formula 

dO' 
dt = 

2a (t)-2 
F(t) EL eff • (I.2) 

The value of a f~(t) is quite negative~ For instance, at t = -1.4(GeV/c)2, e J. 
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near the peak of the secondary' bump:, cxC t) for the rapid fall belolV' 

8 GeV/c is somewhere beh7ee~' ,,:,0.4 and ~o. 9. Recently dips in the dcs 

have been associated vTi th the vanishing of Regge trajecto;ies, 5,6, 7 

thus it is natural to attempt to explain these dip-bump structures by 

the Regge~pole model. In this paper, as usual, vie, aSS1.lme the I = 0 

state t-channel exchange is dominated by the Re'gge trajectories p 
, , ' 

and pl.' We asswne the P trajectory is relatively flat, as is 

suggested by the observed nonshrin.1dng diffraction peeJ< near the forward 

direction at high energy' and by the earlier fits to the high-energy 

pion-nucleon data.
8 

Then the low value of CX\t) in the secondary bump 

region implies that the secondary bump has to, be associated with the 

pI ,trajec,;t:.ory rather t~~ the P traj,ectory. The zero intercept of 

pI has been determi~ed byva~i~:)1i(authors'9" to' be above 0 ~ 5, so the 

trajectory has to be relatively steep. It nas been suggested by 

Frautschi
lO tha~, as in the 

'helicity-flip amplitude
ll 

of. 

- ~ 0 
1!p -+- 1! n case, the vanishing of ' the 

pI 
P', f sn ' , at op, = 0 could be used 

t ~. th d b i thO 1"'"'" 'd 12 o exp.!.a~n e secon ary, ump n', e e as u~c; cs. ¥!e investigated 

pI ... 

this possibi'lity (Chew ~echanism) extensively by fitting the secondary 
, 8 

bUlnp show'!l in Fig. l,together with the high-energy data. Our soJ-utions, 
. • I • 

with reasonable fits to the secondary bump" do not ha";e good X2 

values for ,the high-energy data .. However,a different possibility is 

. " 

that the helicity-nonflip amplitude of P I "can vanish at ex.... 0 {-'" ".P' = , ...... 

the pI , I' ,.' 11 13,14 
trajectory chooses. what we call, the no-compensation mecham.sm. 

The no-compEmsation mechanism ,forP' means' that pI couples to the 

".. . 

nonsense channel, and the residue of the nons;ense-nonsense amplitude 
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vanishes. Thus there 1s no pole in the nonsense-nonsense amplitude, 

and it is not necessary to have a compensating trajectory to cancel 

the pole, as needed for the Gell-Mann mechanism. This possibility 

offers a neyr way to explain the observed secondary bumps, and y!e found 

that the dip-bu;np structure, indeed, can be explained naturally by the 

vanishing of the non-helicity-flip amplitude, 

namely, by introducing an extra factor of ~, 

P' 
f at ~, = 0, ss - .P 

to the amplitude f ss 
pI 

In Section II "'e discuss in some detail the four possible "lays 

of assigning the a factors to the various helicity amplitudes of 

pion-nucleon and nucleon-nucleon scattering. This will serve as the 

basis of our parameteriz.ation. In Sec. III, vre discuss our fits to 

the pion-nucleon data. In Sec. IV we present our analysis on the 

nucleon-nucleon data, where we show that, consistent vrith our ~N 

solutlon, both the observed smooth pp dcs and the structured pp 

dcs can also be adequately fitted. 

0. 
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IT. FOUR DIF'Ii'ER.E11T .\·lAYS OF ASSIGNING THE d FACTOns 

"'hen ths total angula.r moment1JJn 0: of a system is less than 

its total intrinsic spin polar:i.zation,. its value becomes unphysical. 

A system at such an unphysical integral value of a has been called 

a "nonsense state." For exa:"'l1plc) at a == OJ any state with nonzero 

total helicity is a nonsense state. To be specific, we discuss15 a 

system with total helicity 0 or 1. The generalization to stR.tes with 

other values of total helicity is straightforward. The s-channel 

differential cross section, expressed in terms of t-channel helicity 

&~plitudesJ is given by 

do 
dt b[l + (cos 

", 
et )2] I fnn 1

2J 
( ILl) 

where the subscript. s stands for sense and n stands for nonsense with 

respect to a = OJ' p is the initial momentum in the s-channel center-of-

mass system; the f's are the t-channel helicity amplitudes suitable 

for Reggeization; a == 1, b == 0 for rrN -> 1rN and a = 2, b == 1 for 

NN ~ NN or NN - NN. The leading terms vith the highest po',;er in s, 

in terms of the t-channel Regge-pole parameters, are 

, . . (." etC t) 
t1(t) ~SG(t) q~l) } (II. 2<:'.) 

" 
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'.~ (s \a-l 
a + 1 \qq) , 

-[exp(-irca) :t 1) X (~ t 1) rCa + ~-) 
sin rcO; . rc2 rea + 1) 

(II.2b) 

(II.2c) 

the f)'s are the unmodified residue functions of the. Regge pole, and 

q, g' are the initial and the final momenta in the t-channel center-of-

mass system. So far all the ex factors come from the asymptotic form 

of the generalized Legendre functions for large s. The, f)' s are 

factorizable, i.e., 

(II. 3) 

At a = 0 and its symmetric point about ex= -1/2, namely ex == -1, 

r· 
! ' 

oc ~a(t)[a(t) + (II.4) 

Physically Eg. C II. 4 ) says that the sense state 'and the nonsense state 
17, 

decouple at ex = 0 and ex = -1. Except the known threshold and 

18 , 
some t-kinematic factors, ,the f)'s are analytic in t for t < o. 

Therefore from Eq. (II.3) the ex factors of $sn must appear in either 

$ss or f)nn· It can happen in four different ways depending upon the 

dynamics of the system: 
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(1) . Choosing-sense mechanism: the trajectory couples to the' ss 

(sense-sense) amplitude, so the residue of nn(nonsensc-nonsense) 
.1 

amplitude vanishes, Le., 13 cc 1, 13 oc (a(a + 1»)2, ss sn 
A cc a(o: + 1). !..Inn 

(2) Chew~s mechanism: 19 The trajectory does couple to the ss 

amplitude, but for some dJ~amicalreason the residue function of the ss 

amplitude vanishes at 0: = O. To satisfy both Eq~ (II.3) and Eq. (II.4), 

one finds 

13 c:! 0:, ss 

1 • 

I3
sn 

re a(o:(o: + 1) )"2, 

(3) Gell-Mann's mechanism: 20 the trajectory couples to the nonsense 

chan..'lel, and the pole in the nn ,amplitude is canceled by a compensating 

trajectory with opposite pari ty p~.ssing 0: = -1. Therefore there is no 

pole in the full he1icity amplitude at 0:;:: O. In this case 

1 

. 13ss ex:; o:Ca + 1), /3 re. (0:(0: + 1))2, sn 13 oc 1. nn 

The contribution from the compensating trajectory with opposite parity 

is not written out in the Eqs. (II.2), because it has lower power in 

s away from 0: = O. 

(4) No-compensation mechan1.sm: the trajectory does couple to the 

nonsense channel, but the residue of the nn amplitude vanishes at 0: = 0, 

tbus the compensating trajectory is not necessary. We have 

2 
0: (0: + 1), 

" 

1.. 
Q. cc 0(0:(0: + 1))2, !..Isn 

13 cc Cl. nn 
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, Until v!e know the dynamics, we cannot decide theoretically 

vrhich mechanism is the correct one for a given trajectory. HOI{ever, 

by fitting the data,we can find out "rhich mechanism is consistent 

with the eA~erimental situation. 

In the case of the p trajectory, one studies the reaction 

- 0 ' rr p -+ rr n. Here the choosing-sense mechanism has been used by various 

authors to explain the data consistently.5 In the absence of explicit 

parameterization of the background contribution,2l their choice is favored' 

for the following reasons. The cross section near the dip is sizable, so 

it is natural to choose the mechanism where f 
55 

p 
does not vanish at 

Ctp = O. Secondly, this choice is also consistent with the .observed small 

d t t t " ti 11 i "f" t "t" dOff 22 b t th + an ye s a'lS ca _y s gnl lcan POSl lve l erence e ",een e rr p 

and rr-p dcs at high energy, in the t region between -0.4 and -0.8 

Otherwise if both f ss 
p 

and vanish at Ct = 0, 
p 

one 

would expect the difference to change sign in this t 'interval. ,In 

spi te of these argu;"Cents, "re feel a detailed study of the energy 

dependence of the magnitude of the dip and more accurate measurement 

-of the difference in rr p and 

make this chOice conclusive. 

+ rr p dcs eventually will be needed to 

For the ill trajectory one stUdies the difference between pp 

and pp elastic dcs. 23 This difference is linearly proportional to 

the amplitude of ill. In the region from t = -0.3 to -0.7 (GeV/c)2, 

this difference is substantial and positive, so not both 55 amplitude 

a~d .sn amplitude of ill can vanish in this region. If the ill 
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trajectory is not drastically different from the p trajectory, it 

has to pass through zero in this t interval, and" we believe mechanism 

(1) is natural for the ill. 

From the 1!N and ,NN analysis, we found that it is most natural 

for the pi trajectory to choose mechanism (4). This is discussed in 

Secs. III and IV. The P trajectory, because of its small slope, does 

not pa.ss through zero in the t region .... re analyzed, and we cannot 

decide v;hich mechanism is preferred. For uniformity, we choose mechanism 

(4) for the P trajectory. 

'. 
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+ 
III. PHENOl-18NOLOGICAL ANALYSIS OF THE ',-r-p DATA ' 

In this section we shall discuss our fits both with the no-

compensation mechanism and with the Che", mechanism. Analogously to 

Ref. 8, with the no-compensation mechanism for P and pI, we 

parameterize the 55 and sn amplitudes, or the A' and B amplitudes 

for the pion-nucleon scattering, as follows: 

f 
55 

1 

1 (4M 2 t)2 A' -"4 'N - , 

1 

= (1 - t/4~2)-2- el(a + 1)2 ~ Co exp(C
1
t)(Er!Eo)a 

for P and pI, 

for P, 
J_ 

f sn E §: [i( t - 4M1{ 2) ] 2 B 

for P and pI, 

for p , 

where 

S - -[exp(-i1iO) :!:" l]/sin 1ia" 

". aCt) a(O) + a1(t) for P ! and p, = 

aCt) a(O) 2 for pI, = + a1t + a2t (III.1) 
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where EL is the incident pion lab energy and EO is the scale factor 

conveniently chosen to be i GeV/c. Since in fitting the secondary bump, 

.re assume the contribution of P' is dominating, and the form of the 

pI trajectory is more crucial than that for P and P, we approximate 

the pI trajectory by a second-order power series. With the Chew 

mechanism for P and pI, in the 5S amplitude one replaces the 

2 2 ex (ex + 1) factor by ex(ex + 1), and in the sn amplitude the parameter-. 

izat,ion is the same as above. 

The 2-'to5-GeV/e elastic des data points as displayed in Fig. 1 

together with some sample high-energy data pOints are included in the 
. . 

least-square analysis. The high-energy information used is essentially 

the same as that used in Ref. 8, which also has detailed references. 

This includes the total cross sections, differential cross sections for 

elastic scattering, the differential cross sections for charge-exchange 

scattering, the phas~ of the forward elastic scattering ~~plitude at 

various energies obtained by Coulomb interference measurements, the 

constraint on the zero intercept of P! obtained from the dispersion 

relation on the real part of the forward scattering amp1:i.tude at zero 

energy, and the constraints on the f and f amplitudes at the 
S8 sn 

p.osi tion of the physical p meson from the knmdedge of nucleon electro-

magnetic structure. We also include more up-to-date ~ p polarization 

data23 than those used in Ref. 8. The recent CER1~ polarization 

results23 are also incorporated. 

", 
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With the no-compensation mechanism, our fit to the hish-energy 

data points is of comparable quality to that presented in Ref. 8. The 

24 parameters of this solution are tabulated in Table I. The detailed 

x2 
comparisons are listed in Tab,le II. The qU9.li ty of the fit to the 

secondary bump is illustrated in Fig. 1. In view of the fact that we 

have not incorporated explicitly the direct-channel resonance contribution 

and ollr simple parameterization is now applied over a large t region, 

we feeJ. the essential feature of the dip-bump structure is reproduced 

reasonably ,Tell in our present fit. The tabulated trajectory functions 

are also illustrated in FiS. 2. The P' trajectory is quite ... rell 
+ 

determined. In our fit, the dip in the 1!-P dcs is formed due to the 

vanishing of opt at apt 
P 2 

If I term. Since the 
55 

= 0 with a smooth and rapidly falling 

If p,2 term is substantial, the position 
55 

of the dip has shifted considerably from op, = o. In our fit op, 
passes through zero near t = -0.5, whereas the dip is at -0.8. Unlike 

the dip in the charge exchange, the fit sho,m in Fig. 1 moves .out slightly 

as the energy is increased, because the term decreases more 

slo'",ly than the If P' ,2 term. ss The data do not indicate any dip in , 

the resion between t = -1.0 and -2.0. Since the contribution of 

f ss 
pI 

is used to explain the secondary bump, from Eq. (III.l), one sees 

that ap ' cannot pass through -1 in this region •. The P' trajectory 

sho ... min Fig. 2 is consistent with the model-independent analysis at 

2 t = -1.4 (GeV Ic) , and does not pass through -1. The p traJectory .... e 

used here is essentially the same as that of Ref. 8. As shown by various 



-12 ... 
, 
5 authors, it is in rea.sonable agreement vri th the values obtained through 

model-indepenclent anal:Jpsis. The zero ~ntercept of P is assumed to be 

. ( /' -2 I . unity •. The slope of P is fouDd unlikely to be above O.~ GeV c) • n 

.. our -fi t 25 .. fo:rthe no-compensation mechar!ism its value is between 0.3 

and 0.1+. The. data, w-ithgocd statistic;s) indicate nc noticeable structure 
+-

in . '1( p fonrard diffraction peak. This constrains the two amplitudes 

P 
f and 

3n 

pI 
f to be small in the small It I region. l'heir values sn 

in the large It I region are poorly known. We fitted the data both 

wi tll and ,d thout .L' P 
J.. sn and ampli tud.es. ~/le found the ·2 

X for 

these tYrO cases are essentially the same. The solution presented in this 

paper has both f P 
31: 

and 
pI 

f sn set to zero. 

Hi th P and P' par8.meterized aCGord~ng to the Chew mechanism, 

our fits are less satisfactory. 've searched for the following t,:,O 

different possibilities. For case (a), the signs for the coefficients 

P in bothf and sn 
,P I 

f sn are chosen to. be negative, vThich is 

consistent with the solutions in Ref. 8. The best X2 obtained in 

this case is about a factor of tI"o larger than the no-compensation 

solution •. For case (b)} both of these s:i.gns are chosen to be positive. 

This notably improves the situation. But the X2 obtained ls still 

not qUite comparable to that w-ith the no-compensation mechanism. The 

paramete:::-s and the detailed x2 for both cases are also elven in 

Tables I and II. 
+ 

With the no-compensation mechanis~, the 1(-p. polarization in 
.,. 

the s~conda:::-y bunp region is contributed mainly by the interference 
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between f 
5S 

P' and f sn 
p 

Figure 3 shows a typical predictiori on 

+ 11: P and 11: p polarization (curves I) together with some sample data 

26 points. Generally speaking, near the position of the seconclary bump 

+ the predicted polarization for 11: p and for 11: p by this solution 

should have opposite sign, because the p contributes oppositely. In 

our solution for the Chew mechani~m, the polarization is contributed 

mainly by the interference bet'Yreen f 
S8 

P 

large polarization ivi th the same sign for 

+ 

and 

+ 
11: P 

P' 
f sn It predicts a 

-and 11: p (see Fig. 3, 

curves II and III). The existing 11:-P polarization data in this energy 

and momentum transfer region indicate the gross trend of having opposite 

sign. This we interpret to mean that the date. are in favor of the no-

compensation type of solution. He note here, the data also sho'" ~ignifi-

cant variation from energy to energy •. This implies that even though 

the resonance amplitudes do not play an important role in the des, they 

could play a substa~tial role in the polarization. Tnls is because 

the polarization depends more critically on the relative phases be~"een 

various ampli~udeso To fit the experimental data quantitatively, one 

has to take into account the resonance contribution explicitly.27 

To sQ~arize, we. have shown here, that if one aSSQ~es the Regge 

amplitude can be simply extrapolated to the lower energy and larger It I 
region, neglectinc; the resonance contribution the data prefer the no-

compensation mechanism over the Chew mechanism for thep' trajectory. 

<. 
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IV. PHENOf·lENOLOGICAL ANALYSIS OF THE pp AND pp DATA 

The situation in the 1~{ scattering is more complicated. The 

. t· c1'" 28 'I- i Fi 4 Th t 1 totalcross sec ~on aIJa are Suov.'1l n s.. e pp ota cross. 

section behaves smoothly in the high-ene!'gy region and starts to rise 

rapidly around 2.0 GeV/c. Thepp total cross section behaves smoothly 

beyond 3 GeV/c, but at around 2 GeV/c starts to turn over. Since the 

Regge model gives only smooth behavior in the total cross section, this 

indicates, as expected, that the lm·rer the energy is, the further the 

amplitudes deviate from pure Ref,ge amplitudes. The existing Re;Im 

data29 give further indiCation that the phase of the fonTard scattering 

amplitudes deviate from the pure Regge 8.mplitudes in the low-energy 

region. The (lata for this ratio are shov.'1l in Fig. 5. For the 6- to 

20-GeV/c regioD .. although varying significantly from experiment to 

experiment, it ranges from - 35ib to -20)·~. Al though the measurement by 

Clyde et 0.1.23 gives -43 t 5% at 3 GeV/c, around 1.8 GeV/c this ratio 

vanishes and becomes positive at lower energy.29 So the turning point 

could be around 2.5 GeV/c. The ratio predicted by the Regge pole model 

increases. in magnitude monotonically as the energy decreases: As is 

discussed below) the highest energy, where the dip-bump structure in the 

pp des is clearly observed)O,31 is at 2.5 GeV/c and 0.4 < It! < 1.0. 

vIe would like to push the Regge pole model to as low as 2.5 GeV/c. From 

the above discussion we do not expect a quantitative agreement with 

experiment in this region. However, the ~N analysis described in the 

previous section does give support to the assumption that althou[hthe 



, . 

UCRL-17302 

-15-

phase of the amplitude given by the Regge pole model deviates from 

the observed value at low energy, the magnitude of the amplitude given 

by the Regge pole model is still domir£ting and can be used to explain 

the gross feature of the experimental data in the region of interest. 52 

The 

and 

A sample of pp and pp elastic dcs data is shown in Fig. 6. 

pp data at 5, 5, and 7 GeV/c are recently measured by Clyde et al., 
25 . , 

those at 19.6 GeV/c by Foley et ale These data indicate that the 

pp forward peak are less steep than the pp peak, and it exhibits 

shrinkage as the energy increases. The ppdcs do not exhibit any 

structure. Thepp dcs at2 and 2.5 GeV/care measured by Barish et al. 30 ,31 

of the Cal Tech group, at 3 and 4 GeV/c respectively by Escoubes et ale and 

by CzyzevTski et a1.at CERN,23 and at 12 GeV/c by Foley et ale at BNL.23 

The pp dcs shown in Fig. 6 have appreciable structure beyond 

2 t = -0.4 (GeV/c) • The one at 2.5 GeV/c has a pronounced dip near 

t =-0.5, followed by a secondary bump. The energy dependence of the 

magnitude of the bump is not absolutely clear at present. The Cal Tech 

data betvreen 1.5 and 2.5 GeV/c indicates monotonic fall of the magnitude 

of the bump. This trend is continued in the 3-GeV/c CERN data, but it is 

puzzling that the magnitude of the bump between the t interval from' 

-0.6 to -1.0 (Gev/c)2 at 4 GeV/c should be so similar to that at 3 GeV/c. 

There is also the complication that the Cal Tech data have 50% normalization 

uncertainty.33 Unfortunately, no pp data are available above 4 GeV/c 

in the sa.TJ1e t region to give a'definite statement about this energy 

dependence. However, combining all the available experimental information, 
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as is suggested in Refs. 31 and 10, we consider it plausible that the 

magnitude of the secondary maximum should decrease with the increase 

of energy. The dissimilarity between pp and pp dcs for It I < 1 

, can be sQmmarized as follows: the pp forward peak 1s relatively flat, 

it is smooth and without noticeable structure, and the peak shrinks 

with the increase of energy; whereas the pp forward peak is relatively 

steep, the pp dcs shoyT appreciable structure in the lOvTer sand, 

larger It I region, and the forward peak "antishrinks." 
,. 

Now let us discuss in some detail the actual analysis ,and the 

assumptions involved here. For the pp and pp elastic scattering 

P,P', (I), cj, p,:rc and all other known nonstrange meson trajectories 

can be exchanged. ' From the study of the total-cross-section data of 

pp and pp 
34 ' 

and the comparison between the total cross section of 

pp, pn, pp and pn, one finds that the contribution of ' P J P I and (I) 

to the ss amplitudes should be dominating. There is less information 

on the magnitude of sn and nn amplitudes'. As mentioned in Sec. III, 

the sn amplitudes in the :rcN analysis for both P and pI in the 

small It! region are small, in fact they can be set to zero. From 

factorization we expect the sn and nn amplitudes should also be 

small compared with the ss amplitudes. In NN scattering, near the 

forward direction, the pp and pp elastic des do not have any 

noticeable structure. This implies that the contributions of sn and 

nn amplit~des of , P, pI, (I) and all the other trajectories cannot be 

important here. On the other hand, about 10 to 20~ polarization has 
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beenobserved35 in the t region from -0.1 to -0.7. This implies that 

the sn amplitudes and in turn the nn· amplitudes certainly are present. 

However, .Te found that in explaining the pp dip-bump structure together 

with the pp smooth behavior in the 2.5- to 4-GeV/c reeioD it is not 

crucial whether one includes the nonsense amplitudes or not, although 

the behavior of pp dcs at higher energy and large It I region does 

depend quite sensitively on the rnagnitude of the nonsense amplitudes. 

Presently no experimental dcs at higher energies are available. Since 

we only try to get a reasonable fit to the existing dcs data, for 

5implici ty ',re neglect all the sn and nn. amplitudes. Thus .Te .rri te 

do 
dt = 

where the + 
'. . ::: ", 

and 

. i 
f ss 

f (1) = 
SS 

2 1 ,. ~ P pI ± f (1)1 
1" + f 

4~5p2 55 5S Ss' 
(IV.l) 

sign is for -pp and. the sign is for pp and, 

(IV.2) 
with i being P or pI, 

. . a 
(1 - tj4M2)-1(1 - t/to)(a(1) + 1)S(1) C

ss
(1) exp(Dss(1)t)(E!Eo) (1), 

(IV.3) . 

s - -[exp(-i~a) ± l]/5in ~a • 

The extra factor in the ~Ylplitude is necessary in 

order to explain the cha.nge in sign of the difference (do ddt) - (dcr-uidt), 
p. p-c. 
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and to is the position of·the crossover point. The trajectories .ap 
and D'-p. have already been determined in the analysis. 

para!:leterize ex 
ill 

o 1 2t2 
=0; .+Ct t+a . 

ill ill ill 

He include the pp and pp dcs data sho·,rn in Fig. 6 together 

'loTi th the pp and pp total cross section data shmI'D in Fig. 4 for 

PL> 

c p 
ss ' 

2.5 GeV/c 

c ss 
pl. , 

inforrr.a tion on 

in making a least-square fit. The coefficients 

C ill 
ss ' 
o pp 
T ' 

and 0; 
ill -'0'0 o ~ ~ 

T ' 

o are essentially determined from the 

and ~~(t=O) I _. The best-fit values 
pp,pp 

for these parameters are· ShOi'ffi in Table III. The fits to the total 

cross-section data are show~ ·in Fig. 4. It fits the high-ener~r data 

quite well. At 2.5 GeV/c our fits for both pp and PP data are 

sli~~tly less than lO% lower than the experimental data points. The 

Re/lm ratio for our solution is shmI'D in Fig •. 5. Between 10 and 20 

GeV/c it varies from 35 to '26%, consistent with the data, althou~'" the 

rate of decrease seems to be a little bit too fast. This ratio deviates 

from the data sienificantly in the low-energy region, as expected, but 

it gives the correct sign and magnitude do~m to 2.5 GeV/c. We believe 

the gross feature of the dcs can still be explained by the Regge pole 

model. 

The three exponents D P 
ss ' 

and D ill 
ss ' 

together with 

ex 
ill 

1 2 
andet 

ill ' 
are the adjustable parameters used to fit the t 

dependence of (do/dt)and (do/dt)- • 
pp pp 

Our fitted curves to pp and 

pp data are illustrated in Fig. 6. The parameters for the best-fit 

soluti-on are also given in Table m. In our solution, f ss 
pI 

is small 
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around the dip region because of its zero at a~1 = O. The dip-b~~p 

structure is mainly produced by the interference 

f P , I th f P . t f ..... h .n . e - pp case, ~n er eres '\orJ. v ss ss 

between f P and 
ss 

f ro with opposite ss -

sign and gives a smooth and dominating contribution. The zero in 

- P' f at~, = 0 gives the slight curvature in the pp dcs in the ss '.t> 

large It I region. Although .the pp dcs data at 2.0 GeV/c were not 

included in the search, we found, as illustrated, that our solution 

also gives a prediction at this energy that is reasonable compared 

with the data. 

In Fig. 6 the pp data point at 3 Gev/c near t = -0.5 is 

much higher than the actual curve. But the integrated area obtained 

from our fitted curve for the corresponding bin interval of the relevant 

data point gives the value indicated i.n the figure. One sees that it 

is within one standard deviation of the allowed value. Our fit 

to ,-the two- points at -larger I t I values is also reasonable. Ail. estimate 

is also made to obtain the area for the bin interval represented by the 

point near t = -0.4 for 4 GeV/c, and again the agreement is similar to 

the.t for the corresponding point at 3 GeV /c. Our prediction for the 

larger It I pOints at 4 GeV/c as shown is about a factor of 2 lower 

than the experimental data. This reflects the puzzling fact, as 

mentioned earlier, that the magnitude of the secondary bump at 4 GeV/c 

should be so similar to that at 3 GeV/c. To really clarify the situation 

we suggest that an accurate measurement of pp. elastic dcs at 3 GeV/c 

from t = -0.3 to t = -1.0 be made, to complement the data by Clyde et al., 
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although it is very plausible that the behavior "vTill be smooth from the 

5- and 7-GeV/c measurements in the same t region. Probably, more 

important are accurate measurements of the' pp dcs in the t region 

from 
2 

-0~4 to -l.O(GeV/c) and energy range from 2.0 to 8.0 GeV/c •. 

Then. we can really pin do'Yn the energy dependence of the magnitude of 

the secondary bump. Furthermore, if measurements of pp polarization in 

the similar region become available we can then, by analyzine them 

together "vTi th presently available pp polarization data,35 put in all 

the nonsense amplitudes, consistent with ~N fit through factorization, 

and make a more accurate test of the validity of our results. 
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Tabl~ I. Regge Parameters for Pion-Nucleon Amplitudes (see Ref. 211-) 
= -= =. = ... ca._::xt_ ._ .. L ...... c:a;:::: ......... _ -- -_. lJlilW& 

No-compensation mechanism Cheif's mechanism 
for P and pI for P and P' 

Case a Case b 

P P' P P pI P P P' P 

2 2.16 . 1~1~9 0.66 0.69 Co(mbGeV ) 0.10 2.01 1.00 2.22 1·15 . 
. xa

O
(a

O
+l) xa

O
(a

O
+l) xao(a

O
+1) xa

O
(a

O
+l) 

( -2 C1 GeV ) 1.16 -1.92 2.00 1.10 2.66 2.66 1.26 1.59 0.19 

C2 1.98 1.66 18.9 

0.83 -0.31 -0.26 
I 

DO mbGeV 1.03 1.19 1.02 0.94 I\) 
--l 
I 

Dl GeV -2 0.053 5.20 -1.53 -0.081 5.39 -2.15 0.04 

a
O 

1.00 0.63 0.58 1.00 0.66 0.59 1.00 0.62 0.58 

a
l 

GeV -2 0.33 1.31 1.03 0.49 1.44 1.13 0.45 1.63 1.00 

a
2 

GeV -4 
0·29 0.32 0.15 0.42 0.01 
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Table II. De.ta fitted (x2) 

Number of. Che,., mechanism Ref. 8 
. data pOints No~compensa t:ton Case a Case b Case a Case 

1)+1 154 371 258 1.33 161 

16 8 9 8 10 7 

85 155 314 205 
a 

88 88 

4-
a. The n-p polarization de.ta fitted in the present paper 

were not e.vailable then. We found, vi th the inclusion 

of these polarization data in the fit,· t.he best X2 

value would be ~l30 for the analysis of Ref. 80 

b 
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Table III. Reggeparameters for nucleon-nucleon amplitudes 

( 
-2 C1 GeV ) 

2 to (GeV ) 

7.84 

2.41 

pI (I.) 

27.9 

-1.39 1.50 

-0.15 

. 2 
0.41 + 0.99t + 0.27t 
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FIGURE CAPTIONS 

+ 
Fig. 1. The rr-p differential cross sections .. 

rr+p 0, '2.5 GeV/c; /d,; 3; v, 3.5;0, ~. GeV/c by Coffin et a1., 

from Ref. 2,; -0 at 6.8 GeV Ic by Foley et a1.; from Ref. 3; 

G at 8 and 0 at 12 GeV/c by Orear et al.: from Ref. 3. 

rr p and 0, ).j. GeV /e by Coffin 

et a1. from Ref. 1; .~ at 7 GeV /c by Foley et a1. from Hef. 3.; 

(;}. and 0 at 8 and 12 GeV Ic b:r Orear' et. al.) from Ref. 3. 

The solid curves are our fit.s with no-compensatioD, mechanism. 
'".' ~: 

Fig~, 2. The Regge trajectories P " pI, P: and ill determined for 

no-compensation solution in t < 0 region. 'I'he point I 

indicates the range of ex value clete::,mined from model-
eff 

independent analysis at t ::: -1.4 (GeV Ic)2 (seeE~. 1.2). 

Fig. 3. ± 
polarization data compared ivith our Regge predictions. 1l' P 

'+ ' :rr p &., -1.988 GeV/c, 10 2.535 GeV/c; 

-:rr p 1. 988 Ge vic, 0 :2 .535 Ge Vic, I{f 2 .912 deV Ic . 
Al'l data points are taken from Ref. 26. Curves I are predicted 

by no..;compensation (so'lu:tion, ' Curves II and III ure predicted 

by Che\.y mechanj.sm,case a and case b respect,ively. at 2.5 GeV/c .. 

Fig. 4. pp and pp total-cross-section data compared 1-Tith our fit of 

no-compensation solution. Data poir!,ts 0, 0 Galbraith et 8,1., 

V Armenteros ct a1. (ReL 28), and ,/~ Escoubes et a1. (Ref. 23) ,. @ 

Bugg et al. (Ref. 28) •. , 
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rig. 5. Th:? data on the ratio Re/lm of the forvrard scattering 

amplitude for pp scattering compared 'oTith our Reggepre

diction. Data points: 6 Lohrman et 0.1.) 0 Bellitini et al., 

'V Foley et 0.1., 0 Taylor et 0.1.) /).. Kiri110ra et 0.1., 

0- Clyde et a1., and 'V' Do",ell et 0.1. See Ref. 29. 

Fig. 6. The. pp and pp des. The pp data: at 3, 5) and 7 GeV/e 

are from Clyde et ale in Ref. 23) at 19.6 GeV/c from Foley et a1. 

in Ref. 3. The pp data: at 2.0 and 2.5 GeV/c from Barish 

et a1. in Refs. 30 and 31 at 3.0 GeV/c from_Eseoub~s et 0.1. in 

Ref. 23, at 4 GeV /c from Czyzewski et 0.1. in Ref. 23, and at 

12 GeV/c from Foley et 0.1. in Ref. 23. Values of the fitted 

odes by fntegrating over corresponding bin intervals: 

3 GeV/e, . x 4 GeV/e. 
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