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ABSTFACT 

A series of experiments on proton-proton inelastic scattering 
were performed at NAL and ISR. The four-morrtentum transfer in these 
experiments ranges from .01 to 1.75 (GeV/c)2 and the equivalent 
laboratory momentum ranges from 50 to'2,000 (GeV/c). The results 
clearly show the existence of two components. For one of these the 
cross section d2o/dtdH 2 scales ,as l/s. For small Mx2 a second comx 
ponent is present. Its cross section is independent of energy and
is	 bounded by 3.2 < 0diff < 4.7 mb. 

The subject of my talk is "p-p inelastic scattering" at small 
momentum transfer". This seemingly restrictive title actually' 
allows me to discuss a good portion of proton inclusive cross sec
tion. This is because the inelastic cross section constitutes about 
80% of the total ross section and a momentum transfer interval of 
a out .2 (GeV c at sma t includes approx1mate y 0 0 that 
1E7!istic cross section. TheTetgIe, understanqin8 What happens in 
p-p 1nelastic scatterin ac small momentum transfer gives one know
Ie ge on over half of the p-p inclusive react10ns. 

The major questions considered in this paper are 1) what; tee 
have learned experimentally in this region at high energy accelera
tors such as NAL and ISR, and 2) what kind of data is fo r t hcorufnz 
in the coning year from these accelerators. Only the general fea
tures ~f the lower energy experiments will be discussed, and mainly 
as a background introduction, since they have all been covered ex
tensively at vast conferences. 

Before starting, let us define some kinematical quantities. 
Consider the reaction 

{l} 

wher~ at ISR the two p ro t oris are coming at each other, and at NAL 
. ,	 one proton is the beam proton, the other pYcton is stationary. We 

call the obse-rved proton Pobs' and at NAL f.t is the r-eco i L proton. 

·In ISR experiments it: is the particle Moving in the general di~ec-
Lort or ~ ,.,~ t1- t ra: --'C'_·'" ""'C'mc'''''''~~' __. .:l 1 ong I t .. ·3~·1:'11 ""'~''''n''''··',m '...·lJ..... A	 .i. 1'1 w-L .. .t. iJ,.lov .o:..c L~li.,.J.l .L .... '-.l.u !-'T C1..t ...u ~u~~ __ ...... C1~J. U ..~.~ .......~ .....~~L ~
 

t frnes x, where x is t.he Fcynman variable (2pt!..IS). He give the 

name	 X to the quasi particle wh t.ch is comprised of all the other 
reaction products v.7ith momentum Pot i -= a,S ...N. C'LearLy

l. 

p; P~, -:. p4 _ p4
•• 2 obs , 
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We can define two Lorentz invariant parameters 

1. . (a) 

2and is ~ -PT near x = 1, t = at ISR 
x 

(b) t = -2 m T where T· is the kinetic energy of 
p the recoil proton, at NAL. 

2. 

It is often called the effective mass squared and is 
approximately related to the Feynmanvariable by 

K2 _ MZ where s is the" total center of(b) "x proton = I - x ma~s energy s~uared, i.e.,
S 

S - (PI + PZ) • 

For completeness we can add u = (PI - Pobs)2, where of course 

s + t + u = MX2 + 3 m 
2 

• p 

Having defined these quantities let us turn to the general 
features of p -:- p + P' + X at BNL-·PSl energies. 

1) The mass spectrum of X at lower energi.es tended to be full 
of peaks and valleys, corresponding to the we,ll known resonances, 
in fact some of them were discovered that way. Hith increasing 
energy it became more smooth'. . 

2) This recoil distribution iskno~vn to be generally rapidly 
falling with increasing womjntum transfer. Typically, it was mea
sured to be of the form e-b tlwhere b lies between 5 and 20 (GeV/c)2 

3) There is an energy independent component for this inelastic 
scattering cross section. 

4) The target recoil distribution is characteristic of diffrac
tion from. an object of the size of about one Fermi. 

. 2
Good and Walker, well before these facts were known, had 

pointed out a.coherent inelastic scattering mechanism which would 
give an energy independent contribution to o. and called it "diff
raction dissociation". To observe it a very~11imple geometric con
dition has to be satisfied. This is essentially th~ requirement 
of coherence across the depth of the target. 

p x 
---i;lf--~ 

«-:
 
At ~ ~)( 
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In terms of the masses of p and X, and the incident momentum, this 
.... _~--. condition can be written as 

or 

so for 30 GeV ~ < 2 x 30 x 1:. ~ 9 GeV 2 
7 

x 300
at 300 GeV 

7 

Therefore one could expect large masses to be produced diffractively 
at NAt and ISR energies, and it was believed by some that this pro
cess could become an increasingly dominant part of the inelastic 
scattering cross section. 3 In Re~ge language this "diffraction dis
sociation" portion of the cross section is often interpreted as ari 
sing from the exchange of a Pomeron. 4 Using the Mueller approach 
one can further describe· this region in terms of "triple Regge coup
lings".5 

He would like to know the composition of the inelastic cross 
section, and perhaps from prime principles explain them. From an 
inclusive experiment, what physical information can one obtain6First I 

Iof all, the Mi spectrum, which might look something like this: 
I

I 
I

-r .. ' •I 
l 

Elastic
 
/sccttering .
 

Diffrac1ive .I +Non Diffroctive Scoffering 

.M~ where Diff. Dlssoc.Contribution becomes 
r,egligible. 

. . /Non Diffr~ctjve
) 

. I 

d2cr 2Figure' 1. s--- versus }S(, not to scale. 
dtd~~ 

FERMILAB-CONF-73-121-E



.,. . 

? . 
For each ~X region one could measure its s dependence, its t depen
dence, and of course its cross section. Not all experiments can 
measure everyone of these quantities, and each measures eacn varia
ble over a limited range. In discussing the data gathered by each 
experiment, one must keep this in mind,' Some experiments, such as 
the bubble chamber experim~nts, can in principle measure all these 
quantities, but are hampered by serious lack of statistics. With
out too much complication one could also measure the multiplicity 
associated with each Mi region, and two of the experiments to be 
discussed have done this in a preliminary way. 

Let us now consider how such experiments are carried outexpe
rimentally. Consider Equation (1) where, at ISR,one is in the cen
ter of mass system and each proton (PI' PZ) has an energy of~/Z 

about 30 GeV. Since <PT> ~.3 GeV, one must have a resolution ave 
of better than approximately .3 ~ 1% to measure the features of the 

30 
cross section. The scattering angle is typically of the order of 
8 milliradians, or half a degree; hence one needs to get to very 
small angles with respect to the PI or Pz direction. The ISR expe
riments which I am reporting on are conflned to a minumum angle of 
about 20 mr (both the s Lnz l,e arm spectrometer of CHLH7 and double' 
arm spectrometer of ACHGT~), hence do not reach the low t region. 
Most of the data is of t ~ -.3 and bove. Note also that since the 
ISR eams ave a spread of about 2%, even usinp refinements such as 
reconstructing the interaction point in the crossing re~ion to de
termine the orbital radii of the interacting protons, one can only 
reduce the 2% spread to about 0.7%. Hence one obtains a rather .... 
broad resolution of the order of 9 GeV2 in the Cl~M experiment, and
 

. the order of 25 GeV2 in the case of the ACHGT co l.Labor a t i.on ..
 
- On the other hand, it is ten tjmes harder to weasure the for
ward proton's deviation at NAL energies. For examp]e, let us take 

. the same ~p ~ .3 GeV, and consider a proton at lab nomentum of 300 
GeV. Then, 

~ ~ ~ =< 0.1% " 
p 300 ".. 

" ,...; \.-."o ~J 

and the 1/2 scattering becomes .05 degrees, quite hard to measure. 
Therefore, all experiments at NAL choose to'look at the slow recoil 
proton, and ignore the proton which plows a~ead more or less in the 
same direction as the beam proton. To appreciate tbe advantage of 
c;'bSe'rvi~g the recoil proton, we recall that in this case t =-2HpT 
where T is the kinetic en02rgy of the proton, and a ~tl of ,,; 0.2 
corresponds to a proton of about 100 MeV~ and that jf one were to 
look at all protons of kinetic energy from, say, '0 energy to 100
 
MeV, and assuming a tdependence of e-b t (b~6}
 

J 
o 0
 

dN dN
l. (2)dt dt J dt dt = 70% 
-.2 -00 

• 1

~""O-
~'O: 

I: 

It does, however, require different t~chniques to study these 100 

I 
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MeV protons, and we will come back to that. 
As for the angle, the recoil proton now comes out in a range 

near-90o in the laboratory, and the ~e is greatly magnified. Let us 
take elastic scattering as a guide, zero momentum transfer corres
ponds to 900 in the laboratory, and approximately 

Tproton 
2Mproton 

for a 100 MeV elastically scattered proton. Recoils from inelasti
cally scattered events, in the same T range,- appear at e < 90°, de
pending on the value of M Approximately (to 10% accuracy) we haveX' 

M.-~ - 'H2 + 2 . T 
-lC - P - Pbeam 

cos e '" 
2 p 2 M T beam p 

The bubble chamber experiments at NAL also look at the recoil 
proton, but I will say very few words about them since Jack Van de 
Velde is summarizing their contribution for this conference. The 
main point is that they scan for dark, short tracks which would in
dicate the presence of a low enerp.y proton, measure its angle to the 
beam direction, its length to obtain from range its energy, and 
thereby deduce t and M~. By counting the number of tracks associa
ted with the proton in the same event, they also obtain the multi
plicity distribution. The solid angle is clearly good, nearly 4 7[; 
energy determination is good, but the angle measurement of a short 
track is npt too well determined, and the number of events per ex
posure is normally of_the order of about a few thousand per energy.ll 

I shall now discuss each of the five counter experiments which 
measure inelastic scat,-erir.g. 

A. The CHLH*Collabcration-Small Angle Spectrometer. 
The ear l.Les t result on proton inelastic s cat t er Lng was from the 

CHLM group at the rSR, in fact almost all the data from this group 
has been published. 7 They use a single arm spectrometer with two 
septum magnets inse~ted into the ISR ring to intercept a 40% mo
mentum interval, and a 16 m radian angular interval. There are 
three magnets to do the momentum analysis, three Cerenkov counters 
to separate different particles, and wire spark chambers at the en
trance and exits of the magnets and Cerenkov counters. Scintilla
tion counters are placed along the particle ~ath to give a trigger 

* CULM (CERN, Holland, Lancaster, Hanchester) 
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when a particle goes through the system. Other cou~ters are placed 
before the crossing region to monitor l~inosity and background. 
The first two Cerenkov counters and the two septum mFgnets are moun
ted on supports which allow for displacements and rotation in 'the 
vertical plane. The total accessible angular range is from 25-200 
m rad. " 

The events are reconstr~cted off line by computing the momen
tum and angle of production from the spark coordinates and the ben
ding power of the magnets. 

lip ~ ± 1% and 6e- 2 m rad 

The data I will show have 

8 < p < 15.3 GeV/c and 35 mr < e < 100 mr. 
proton 

In order to get those events whose x is very near 1, i.e.,
 
~=}O, they added a small five element "hodoscope M, installed at
 
tfte side of the intersection opposite the Small Angle Spectrometer.
 
Near x = 1, the events are a mixture of elastically scattered and
 
inelastically produced protons. They are separated by :
 

1) Particle in spectrometer is extrapolated to the crossing re
gion in order to determine the orbital radii of the interacting 
protons. 

2) Using the point of interaction and the momentum compaction 
function of the ISR at the crossing point, one reduces" 6p by a fac

.tor of 3 from the 6p' of 2% at the ISR. 
3) . Events with momenta near the beam momenta (mainly elastically 

scattered events) have a peak in theauxilliary hodoscopes central 
counter (M

3).
4) Hence one obtains the inelastic events by requiring an anti 


coincidence with this center counter during analysis, and adding a
 
momentum dependent correction for the residual inelastic content of
 
M3• 

The results of these experiments can be summarized by looking
 
at Figures 2-4. In Figure 2 one sees the elastic proton spectrum
 
and the inelastic proton spectrum near x = 1. The elastic peak
 
has a full width at half maximum of 150 MeV/c,- corresponding to a
 
mass resolution of t.::Z ~ 9 GeV2. . "
 

. In Figure 3, the inelastic proton spectra are shown for various 
p~ values. Note that there is a broad "basin" ·at x = .8 - .9, which 

seems to move toward x = 1 with increasing pi. The CHLM group have 

measured the invariant Ed3cr at several s. The general features of 

dp3
 
the data are similar; for x < .8, scaling is good to 10%".
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In Figure 4 is plotted the doubly differential cross section 
2 

: ~t~Mi versus the Missing Mass~. The four curves ranging in 

t = -.35 to t = -1.75 show a gradual broadening of the forward peak. 
In short, ~he peak sharpens ~s It I decreases. 

In Figure 5 the same doubly differential cross section is plot
ted versus t for various~. One notes that they can not be fitted 
by straight lines, hence the t de enJence can not be fitted by a 
sing e exponentia . 

The CHLM group has also measured the multiplicity for x > .99 
<n> = 2.8 ± 0.5 and for .72 < x < .84 <n> = 6.7 ±. 1.5. 12 

B. The ACHGT*Collaboration- Double Arm Spectrometer 
This experiment has not been published yet. All information 

reported here on the experiment and the analysis had been given to 
me by Professor G. Goldhaber, who was spending a sabbatical leave at 
CERN working on this experiment. There is a double arm spectrometer, 
one arm above the beam on one side, the other below the beam on the 
other side. They are at fixed angle, each subtending a e interval 
of 70 mr (from 20 to 90 mr), ~interval of 2 radians. There is only 
one magnet ,in .contrast to the three of CHLM, and the momentum reso
lution is about 2.5%. 

There are in addition, two sets 'of auxiliary jet counters, each 
in four pieces which subtend an angle from 160 to 400 m rad.· The 
normal event is triggered by a coincidence of two counters, two 
in each arm, which signify one particle has gone through one arm in 
coincidence with a particle going through the other arm. 

With the auxiliary counters they can further tag whether seve
ral particles have gone in coincidence, opposite to the one particle 
in one arm. These are called "single jet" events. These can be 
further classified as those which had 1-2 extra particles (medium 
multiplicity), and those which had 3~~ ex~ra particles (high multi
plicity). When' both sets of auxiliary counters fired, the event is 
referred to as a "double jet" event , One studies the 2 tracks which 
went through the system, and locates its position on an e lXII, elx2'
plot where e = ± 1 corresponds to the charge of the particle, and 
x is the usual Feynmanvariable. . 

The interesting thing is the correlation between the type of 
event and its population' in the e lXII, e[x I plot. The elastic 
events appear as a blob in the upper right ~and corner. The double 
jet events are in the center of the plot. The "s LnsLe jet" events 
cluster in a dark band along the edge decreasing towards the center. 
Finally, when the requjrement of'single jet plus lov multiplicity is 
imposed, and one is left with the two edge bands, which corresponds 
to "diffractively dissociated events". Figure 6 shows the afore
mentioned situations. 

* ACHGT (Aachen, CERN, Harvard, Genova, Torino) 
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~ distributions are shown in Figure 7. The major features are 

1) the peak of the ~ distribution ~eem to shift toward larger 

values as the associated multiplicity is "larger, 2) the tail in the 
~ distribution gets higher and higher as the multiplicit'2 increases; 
this is interpreted by G. Goldhaber to mean that larger MX's are 
produced from diffraction dissociation. 

.In this experiment normalization has not been done yet, so one 
does not obtain an absolute cross section. At different values of 
s, different values of t are sampled, and these are plotted on one 

graph in Figure 8. Here, too, one sees that ·a single. exponential-
could not fit all four curves i.e., the effective slo e is conti
nuous y c ang 1:4. 

t 
l 

I
J 

I 
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I O C. Rutgers-Imperial College Collaboration. (Sannes et al) 

They study ~ + p + p + X in the region 108 < s < 752 GeV2, ~ 
ill < 0, 38 GeV Md.80 < x < ,2.;3. .The data were taken during the 
accelerator ramp'(50 to 400 GeV) of the' National Accelerator, using 
the internal H2 jet target facility. The recoil protons whicll were . 
emitted between 550 and 65°, with 8 between.34 and .57, pass through 
a scintillation counter telescope and stop in a total absorption 
scintillation counter. The recoil momentum is dete~mined by time of 
flight. Pulse height in· the absorption counter was used to remove 
pion contamination. The accuracy in measuring s, t and x are ~s=3~ 

G.1i"V2, ~t-0.05 Ge¥? and 41'-0 01.. ' 
A solid state detector, located at 85.5°. monitored the rate of 

the elastically scattered protons at t=-.22 GeV/c)2. To the extent 
that the cr total and cr ~lastic remain in constant ratio, monitoring 
the elastically scattered proton is monitoring luminosity of the 
peam-jet crossing. Corrections for the change in total over the s 
range (+8%) and elastic slope parameter (-3%) were made. Usin~ the 
known elastic cross section cicr/dt and other normalization, s E~2 

was obtained dtdMj{ 
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r- Data at five s values and four t values are p.lot t ed as a func
tio2 of x in Figure 9. In their kinematic region,C'1.14 < It[ <0.38 

eb t GeV ,can be described by a simple exponential (see Figur~ 10), 
where b is not a function of s and depends only verT weakly on x. 
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2 2 2- 2Figure 10. sd cr/dtdMX(mb/GeV ) versus -t(GeV ) 

Fits of the f g.rm.-- ._~ •.~--_ .._-----_ ..._~------_.~ '"--'-'-'--~- ... 

/"'--;d20/dtdMi = A(x) eb(x)t 11 + BCX)S-l/p (3) 

to their da~tfixea: x"ailcftShow almost ~~~i~on of the para
meter B with t. They therefore make an overall fit of the form (3) 
to their data at ?ll values of sand t, and arrive at the parameters 
given in the following table. 

_r
. 2 

x = l-Mi!s A (mb!GeV2) B(GeV} b (GeV-2) 

0.83 71 ± 7 1.9 ± 0.7 5.9 ± 0.3 

0.85 64 6 2.5 0.7 5.9 0.3 

0.87 61 5 3.0 0.6 5.9 0.3 

0~89 62 4 3.6 0.5 6.0 0.3 

0.91 66 '3 4.3 0.4 6.1 0.3 
'. 

The dip in the x-distributions of Figure 9 
fleeted in the A parameters of the above table a 

.ininiriiuiii'nea:r-::'~-~;;-- e parameter, wi thin errors, is cons tan t 
with x, while the Bparameter jncreases si~nifieantly with x, indi
c~~g a ~eLativel~ stronger s-dependence at large x. The s depen
dence of their data is shown in Figure 11, in which the invariant 
cross section at x = 0.83 and 0.91 is plotted versus s-1/2. 

I have some reservations regarding the validity of this experi
ment's results, especially at small s. In Figure 12 the data of Fi
gure 9 is replotted in terms of H~. Tl~~-9isturbipgaspect is that 
th~.~_'d.~pu~Q.~em~.t.Q.follow the center Qf t,heir ~ sRewYmint!5..~l, 
and at s 108 no forward " een at small masses 
an a rise is noted at masses of about 20 GeV • 
~.---~_.------------
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D. U.S.-U.S.S.R. Col1aboration9(Rochcster, Rockefeller, Dubna) 

This experiment is performed at the Internal Target Area of the 
National Accelerator Laboratory. The target is a hydrogen gas jet. 
The experiment's primary purpose was to study small Itl p-p elastic 
scattering, therefore, the detectors are located very close to 900 

to the beam direction and are sensitive to lower energy recoil pro
tons. Solid state detectors w~reused to measure the recoil pro
ton's kinetic energy, but only for the case of stopping protons c~r
responding to a maximum kinetic energy of 14 MeV. Note that a 14 
MeV elastically scattered proton would emerge at about 850 and its 
momentum transfer It/ = -2r-1pT is .028 (GeV/c).. Therefore, th~s 
group is particularly suited to investigate low t and small MX in 
elastically scattered events. In looking at the results from this 
group one should bear in mind the close interweaving of the }~ and 
t, so that unlike other groups which present r-~ spectra for d1ffe
rent constant t, here for each M~ spectrum several It I values are 
involved and are so indieated(Figure 13 and Figure 14) •. 
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Figure 14. -d2cr/dtd~' mb • (GeV/c)-2 • (GeV)-2 

2 2 
versus Hi GeV at Pi n = 400 GeV/c 

This data was presented by Professor R. Cool &~ the Berkeley 
Conference and has not yet appeared in published farm. In Figure 13
we see such a mass spectra taken at an incident momenturn of 175 GeV le . 
O~e notes the sharp onset of the inelastic cross s~tions peaking at 
MX of 1,8 for It I = ;017, and the peak has decreas8n in magnitude at 
t = .030. In Figure 14 the incident momentum was 4UO GeV I c , One 
notes again the peak at Mi ~ 2 at It I ~ ·,013 (GeV/c»2 and it de

creases in magnitude as It! increases. This led to a determination 
of the slope b in an e-bt dependence for this peak of b ~ 15, This 
peak is most likely the N*(l400), The differential cross section 
and the slope for the production of this N* .has the same value as 
measured at AGS-PS energies. . 
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* 1 b . 13· C I b: S B kE. CFL-FHS Col a oratl0n : 0 um 1a . tony roo. 

ntis experiment was performed at NAL J using the extracted pro
ton beaM in the Neutrino Laboratory. Data were first obtained at 
200 GeV/c incident beam momentum. The detailed description of the 
apparatus, data analysis procedure, as well as results from that 
run have been published in the Vanderbilt conference proceedings.14 
The present discussion concentrates,on.the results of a 300 GeV/c 
run which is stlll under analysis, hence is preliminary. 

TELESCOPE SOLID STATE DETECTOR 
NUMBER 1 TELESCOPES 

\e,,,,~~, ,/ 
... .:-,:.~~ 

' .. 
.... ,""...' 

1m 
EXTERNAL 

/PROTON BEAM 

/' NEUTRINO LAB
TARGET NAt 

Figure 15. Schematic of solid state detector 
hodoscope in NAL Neutrino Lab beam line. 

We measure the kinetic energyT of the recoil proton and its 
angle e with a solid state detector hodoscope consisting of 18 tele
scopes forming an arc of one meter radius from the beam-target in
·teraction point, spanning a e interval from 890 to 480 

• See Figure 
15•. For target, instead of gas or liqui~ hydrogen we chose to use 
polyethylene and carbon foils (6.5 mg/cm , ::: 5 mm wide placed at 
45 0 to the beam) and perform a subtraction. The range of T measu
red is between 10 and 100 MeV corres ondin to t s between .019 
~n • 9d Each te escape subtends an angular opening of .4. ere
fore only 20% of the above-mentioned angular span is ~ampled for a 
given target position. To decrease the effect of such gaps we took 
data from four target positions, differing slightly in the coordi
nate of the target al~ng the beam direction. The M~ range measured 
was from 0 to 100 GeV . 

The first detector in each telescope pair is 500 ~ thick, and 

* CFL-FMS (Childress, Franzini, Lee-Franzini, McCarthy,Schamberger, 
the five experimenters). 
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the second is 5000 \.I. The two detectors together give ~B~:XT-D 
measurement and thus allow particle identification as we 
termination. This experiment involved extensive and ingenious elec
tronics design15 to overcome the very short effectivz spill length 
in the extracted proton beam prior to July 1973. One example of the 
cJectronicsdesign is the use of hardware for initial data reduction 
which allowed each event to be processed in 17 \lsec, enabling us to 
accept up to 4000 events/machine pu1se,16 The data ][ am going to 
discuss was collected in eight hours. 

I)" 
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 . . .,

p' 
','..~, .. . " 

"." .. ;:.r-_... 

b) .) 

c Id" 

. . .. 
'V " . " 
!;; ... 

Fip,ure 16. dE/dx-E plots for (a) po1ye~hy1ene data at 83 0 (b) car

bon data at 830 (c) polyethylene da~a at 80 0 (d) carbnn data at 80 0
 

Some early results obtained in September 1972 with a few minu

tes run are shown above in Figure 16. Four scatter pJots are shown
 
for two telescopes and two targets. The vertical axi$ in each case
 
represents the energy loss in the thin counter, essentially dE/dx,
 
and the horizontal is the energy loss in the thick counter, essen

tially the total energy for particles not crossing the second coun

ter. Points accumulate mostly on the correct correlation curve for
 
protons. Such curve folds back toward small energies when faster
 
protons completely crosS the second detector. Protons up to 32 MeV
 
kinetic energy stop, while proton energies up to 100 MeV are mea

surable. Above the proton correlation curve points an seen to
 
accumulate in two more bands whLch correspond to the CDrre1ation
 
for deuterons and tritons. Also visible in Figure 16a and 16b are
 
the increased density of points along the proton correTIation curve
 
corresponding to elastic P-P scattering from free H2 iE poly.
 

1 
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No such increase is observed in carbon. 
The advantages of obtaining information on scattering on free 

protons by comparing scattering from polyethylene and carbon targets 
rather than using hydro~en targets are many: simplicity, high hydro
gen density (0;14 mg/em as compared to ~-O.05 mg/cm2 for liquid hy
drogen and 10-3 mg/em2 for the hydrogen jet) and good geometry. The 
main problem in using su~h a method is in obtaining an accurate nor
malization of the data collected from poly and C in order to sub
track properly the carbon contribution from the poly.data. Such 
normalization is obtained by counting deuterons and tritons produced 
in interactions with carbon nuclei in the polyethylene and carbon 
targets. Since these deuterons and tritons are detected simulta
neously with the elastic events, we have a perfect method to obtain 
the product (effective beam intensity) x (number of carbon nuclei) 
in poly and C.17 

-

at 300GeVPtC~{~
1000	 He 

3 e lab=85° 
He4 

--I- Typical Statistical Errors 
.for 5 MeV Bins 

-r'-	 ~ 
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~ 
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~ 
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T MeV 
Figure 17. Doub1y differential cross section versus kinetic 
energy for HI, H , He3, He4• 
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Figure 17 gi~es the actual measured cross section for the emis
sion of Hi, H2 , H , He3 and He4at about 85 0 in the lab in.300 GeV 

, proton-carbon interactions. A typical dE/dx - E plot illustrating 
the production of these fragments is shown in Figure 18. 

::. 
" .. 

Figure 18. dE/dx - E plot showing particles
 
observed in 300 GeV proton-carbon interactions.
 

The carbon subtraction can be performed with good statistical accu
racy. In a one hour run we obtain typically 5 x 104 deuterons and 
tritons from both our polyethylene and carbon targets. 

We perform the following steps to obtain the free hydrogen 
event distribution: ' 

a) Divide the El , E2 plane into a rectangular grid. 
b) Count ~he number of deuterons a~d tritons from (CH and C.2)n
c)	 Normal1ze the carbon event dens1ty from the C target to the 

one from (CH ) 'using b).
2

d) Subtract the ngnnalized carbon event' density from the (CH2)nevent density. 
This procedure is carried out independently for each telescope. Then 
a dead time correction is applied to each.telescope. The next steps 
in the analysis are to obtain T from Eland E2, and then from e and 
T to compute M2 and t,as well as the Jacobian d(e,T) • At this 

a(t,M:2)
2Npoint d is obtained in arbitrary units. The total 'number of in

dtdM2 
elastic scattering events on free hydrogen used for the above deter
mination is approximately 110,OOO~ An absolute normalization is 
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obtained from the total number of proton-proton elastic scattering 
events. in each telescope which observes the elastic peak. 340,000 
elastic scattering events were observed, the elastic peaks being 
clearly visible in seven telescopes. Such elastic peaks were also 
very useful to cross 
to correctly measure 
accuracy of our data 
the slope parameter. l 

check our energy calibrations and our ability 
the t dependence of the cross section. To the 
we pbtain agreement with u lished values f 

We ln = 10.7 ± .6, X of 18.9 for 19 de
grees of freedom. See Figure 19. 

100 

80 

b = IO.7:t.6 GeV-2 

40 

(\J 

~ 
<.9 
:'Ci 20
 
E
 

~I..:..
"0 "0 

--r- 10 

.02 .04 .06 .08 .10 .12 .14 .16 

ItlGeV 2 

Figure 19. dOe1 versus It I 
dt 

2,The mass square resolution of this experiment was about 1 GeV
and-can be seen directly in the following figure (Figure 20), where 
the spectrum is ~isplayed including the elastic events. One notes 
that 0 = .55 GeV . d2 

. . The invariant cros's section * dt~l'~ (s = total center of mass 

563 GeV2)versusenergy2 = ~ for It I of .019 to .094.is seen in Fig

21. Also on the same graph is a plot of CHLM7 data ~aken at !tl=.35 
and S = 929.5, for comparison. One notes that our M~ spectrum has a 
sharp, peak at M~ = 2 GeV2 (it is the N*(1400)) , comes down stee~ly 
as ~ increases, and has dropped to 1/20 of its peak value at ?-SC = 
16 GeV2, thereafter the Mi spectrum is approximately flat. This is 
in contrast wi~h the ISR curve which has decreased only by a factor 
of five at a MX of 50 GeV2. Note also that there the fall is gra
dual, approximately simulating l/~~ dependence. 

.. " 
~ t-J(l'tO~' 

~H~ \-~oo 
~ '3-JfJ""".\.} 
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2 
0.019<ltl<0.037 GeV20p00 

I5POO 

20- =1.1 GeV 2 

1 

t 
1 

I 

11lhiS I 
! 1....lnIIlIIul •• Io I I 1 • 

, , 
-2 0 2 4 6 8 10 12 14 16 

Mi GeV 
2 

dcr 2Figure 20. versus ¥)(s dtd~ 

for .019 < [ tl < .038 (GeV!c) 2 including e1.a:stics. 

The main question is whether the difference is due to the two 
exreriments looking at ,two different regions < It I > = .056 versus 
< tl > = .35, or could be accounted for by resolution difference. 

,We feel that it is primarily due to the latt~r since 1) the ISR 
curve has considerable area to the left of Vox = O.O~ and 2) we have 
folded our curve with a resolution function of 10 GEV 2 and have ob
tained curves exceedingly similar to those of the I~ experiment 
(circled points), i.e. a depressed peak, slow falloff as M2 inc
reases, and having a higher cross section because it: is at Lower 
< It I >. In conclusion, we feel the broaqpess of tbeISR forward 
peak is due to their resolution, not because they are looKing at a 
much higher'm r eg i.cn than we were . Therefore, we Delieve that 
the CHLM interpretation that there is substantial diffractive 
production o~ states with masses up to at least 7 GeV, is in 
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I Childress et 01. - NAL<t > ...056 
2, *Albrow et ai, -ISR<t>= .35 d o: 2 P+P~  P+X 300 

1200 S dfdMx GeYo Childress et 01 with resolution of ----.019 s Ifl s .093 
IOGeV2 folded in for comparison 1100 <t>=-.056 

J k·ISR curve. -093slfls J681\ i:0, 
o , 

1000 
Smooth curves are <t>=-.13I:.. hand drown throu<;jh100· I: Elastics Subtracted 
30 dolo points. 

j\ Typical errors are o 800 
• I indicated• ?iIi 
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Figure 22. s dtdMi versus MX GeV 
s d20" 2 

Figure 21. TI dtdMf versus MX for <t> = -.056 and <t> = -.13. 
for .019 < It I < .094 (GeV/c)2 inelastic only 
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disagreement with our experimental finding3. 
There are some differences in M2 spectrum taken at differentXdetai1sIt I regions, but they are usually on of structure. For ex

ample, we do not see the N*(1400) peak in our higher It I region data 
(.09 < Itl < .17), indicating a very sharp t dependence (slope b in 

bt e- of the order of 18-20) .for N*(1400) production .. 

d'u IS dt dM2 (mb/GeV/c ) 

p+p~ p+x 

300 GeV 
Smooth curve 
is hand drown curve .019<ltl < .17 GeV 2 ' 
through 30 dolo points 

Elastic subtracted Typical errors are indicated. 
500 

250 

II 
I" . I I I 

012345 10 20 30 40 50 60 
r-- MIt 

2 
GeV2 

2 
Figure 23. d 0 ~~ s dt~ versus--X 

for .019 < It I < .19 inelastic only 

Figure 23.gives our determination of the inelastic invariant 

cross section s :~~ ror the whole t re~ion of our experiment .019 

< It I < .17. We can estimate the total cross section from 1 < ~ < 
16 GeV 2 to be (2.35 ± .2) mb using an average slope b of 4.3 
determined from the same data. A lower bound for the diffraction 
contribution can be obtained by subtracting from this value the con
tribution due to whatever physical process is responsible for the 
essentially constant cross section above }~ of 16 GeV2 • If this 

background is assumed to extend down to M1 = 1 with the same value 

observed in the interval 16 ~ M2 ~ 60 G&V2, we obtain 

o(pp ~ PX, 1 ~ ~ ~ 16 GeV2, diffractive?) = 1.6 ± .2 mb. 

Multiplying this value by 2 for the symmetry of the PP system, we 
find the diffractive dissociation cross section is bounded by

< <.3.2 _ 0diff - 4.7 mb. 
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Figure 24'shows a plot of the cross section versus 1tlfor the 
mass square regions of 8 GeV2 ~}~ < 14 G2V2, and 20 GeV· ~ Mi s 60 

GeV 2• For the high M2 region we can fit an ec~ponent::l:al t dependence 
e-b t with b = 3.4 ± 1.2, X2 = 15 for 7 degrees of freedom. The t 
dependence of the smaller H2 region is clearly inconsistent with a 
single exponential. That the ItJ dependence should depend on ~can 
be readily seen by referring back to Figure 22, where we note the 
two spectra, one at <t> = -.056 and the ~ther at <t> = -.13, cross 
each other twLce at }f~ of 7 GeV 2, 14 GeV. The towering height of 

the lower <t> spectrum at M2 < 2 GeV 2 relative to the higher <t> re
gion is what yields the high b value of 15-18 for the N* production. 
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One sees a reversal of the relative height of the two'spectra in the 
region 7 < M¢ < 14 GeV2, and the approximate coinciden~e of the two 
spectra untif 17 GeV2. From 17 GeV2 on the <t> = -.13 spectrum re
mains lower than the <t> = -.056 spectrum. This intriguing connec
tion between the It I dependence and the}~ will be investigated in 
detail in our coming experiment in the Internal Tarp,et Area at NALl9 

\Vhen extrapolated to the.ltlregions measured by ISR and Rutgers, 
our cross sections are consistent with the1rs. See F1gure 25. 

~~4~..
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Figure 25. d versus Itl
s dtd~
 

for this experiment, ISR, and Rutgers
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SUMHARY 

The results of the aforementioned experiments can be summarized 
by the following graph (Figure 26). We note that different parts of 
the Mi spectrum have their own distinct t and s depende~ces. The 
ass oc'fat.ed multiplicities are also}~ dependent. OuantativelY2 

if 
one assumes the scaling part of the cross section extends to MX = 1, 
then the diffractive dissociation cross section is of the order 
1.6 x 2 ~ 3.2 millibarns. 

d~ 
S dtdM 2 

x 
16GeV2 .Sharp t dependence
 

750
 ,#0 ~ ~ 1lI1.6mb± .2mb 

500 

250 dependence:
 

turns over ~ It Ic.l
 

M~ 
o 5 10 15 20 25 30 35 40 45 50 55 GeV2 

d2cr 2Figure; 26. s dtd~ versus }~ 

FITTING 0F DATA 

A. Polynomial Fit 
2 .

Can the behavior of the ~ spectrum be adequately described by 
a few term polynomial in '1/~? The rapoteur for the CHLM experiment, 
as well as several NAL bubble chamber experiments, have reported at 
the Berkeley Conference in the affirmative. 11 The high resolution 
data in Figure 23 cannot be characterized by just a l/}q dependence 
because of its fast decrease with increasing }~. In Figure 27 an 
attempt to fit that sp ec t rum wi th the combLna t Ion of a l/}~ and a 
constant term is shown by the dashed curve'. One obtains 

d2cr 1 b 
a dtd}~ = s [ 2. 7S ( i) +'.. 036 ] ~ev2 

where s = 563 GeV2.. One notes that most of the data points in the 

, , 
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steeply falling region miss this dash~d curve by more than six stan
dard deviations, hardly an acceptable fit. The solid curve. is the 
combination of a l/~ dependence and a constant term, and one 
obtains: . 

s ~~~'ri = s [ 6( ~) + .089] 
mb 
GeV 2 

Note that the steeply falling region is fit§ed much better by a 
l/l-~ dependence. Clearly both l/~ and I/NX terms are necessary. 

d~ 
S dtdM~ 2 Idata points S: 563 

. d cr [ (I) ] mb 
- S dtdMi : S 6 M~ ....089 GcV2 

750 - 2 .. 
----- S d c:T 2 It S [2.75( 12 ) +.036] mb 

~ dld~x Mx GeV2 

500 

# 

~~ ..... 
JlI~-l--..l-';-"!:'i;'·ir.:=.:_.J. 2 .• 

J ~ I _ _ I _ _ d~ MxGel 
5 10 15 20 25 30 35 40 45 50 55 . 

d2cr 2 2Figure 27. Polynomial fit of s dtdMi versus MX GeV 

B. Triple Regge Fit. 

A.Mueller20 has generalized the optical theorem from which one 
relates the total cross section in 2-body scattering with the ima
ginary part of the forWard elastic amplitud~ Cab + ab) to one which 
relates the inclusive cross section Cab + cX) to a particular dis
continuity of the forward amplitude of the elastic 3-body process 
(abc + ahc). But what is the forward elastic 3~body amplitude? Some 
theorists5 have expanded the 3-body elasti.c amplitude in terms of 
Regge Poles in various regions of asymptopia. In particular, where 
~ + ~, s + ~ , and siMi and t are held fixed, they write 

. . ( s c: (t)~ 2 )'lfO
)

(t) r ijk (t ) -Mi ~MX 
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where the y's are reggeon-particle coupling constants and f .. is ak
triple regge vertex describing the coupling of three reggeo~Ja.(t), 
aj(t), ak(O). Pictorially, this is seen in Figure 28. ~ 

b 

a I
ij k 

a 
Q 

Figure 28. Diagram for two-particle inclusive reaction 

It is also assumed that the leading singularity exchanged in the 
aachanne1 is the Pomeron lv.[th intercept 1 and the next to leading 
singularities are the meson trajectories f,p ,wand A with inter2
cept 1/2. Furthermore, the f and ware preferred over P . and A2 . 22 

Finally, the paucity of data in the past has made it customary to 
drop all interference terms and fit the }~ spectrum with just two 
or three terms. 23 An amusing aside is that in ~his wonderland 
~ ~ s ~ 00 can be approximated by ~ > 4 GeV and s ~ 80 GeV2• 

00, 

In short; despite great personal reservations, we write approxi
mately: . 

1 a (t)+a (t ) 2 (0) 
= () ~ P P (K":) CLpr Gppp , t ~i-Xr ~ )

where CL = 1 + .28t (the value .28 taken from the recent U.S.
U.S.S.R. 

p 
determinatioo),and CL = .5 + t. Note that at small t, for 

constants, the triple porneron Rterm essentially gives a l/Ni depen
dence of the }~ spectrum, the pomeron-pomeron-reggeon term gives a 
l/~ dependence , and the reggeon-reggeon-pomeron term gives essen
tiatly a constant term in the Mi spectrum. 
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900 d~ 2bin
SdtdM~ I dolo lumped in I GeV for filling • 

purposes.
800 d 2 2 OJ(t)·O·(f} 2 . 

S -S! 2 = ~ L GiJ'k (~) J (ML)OK(O)
dldM x S . M mpzx 

Gppp" 1.43 (It/=.O 
Op =I +.28t 

GpPR ..5.48 <III =.1) 
QR 11.5 + t 

GRRP=51<hl ...I) 

J • 
1 

o IS 10 15 25 30 35 40 45 50 M2 GeV2 
x 

d2cr mb 2 2Figure 29. Triple Regge fit of s dtcIMi GeV2 versus MX GeV 

Figure 29 shows our best fit, yielding the following values: 

1.43 (mb/GeV2) at (t = -.1)Gppp = 
. 2 

= 5.48 (mb/GeV ) at (t = -,I)GpPR 
2GRRP= 51 (mb/GeV ) at (t = -.1) 

which taken simply, restates that the l/Mj dependence is important 
for describing the behavior of data. It ~s also clear that this 
parameterization being the simple superposition of three terms of a 
polynomial, could never reproduce interestin~ structures seen in the 
data, f02 example, in the neighborhood 7 < MX < 14 GeV2 and 15 < Mi 
< 22 GeV • .. 

Gerson Goldhaber8 had mad~ a fit with the ACGHT data, taking 
into account the rather wide MX resolution, to extract the dominant 
triple regge coupling. He obtained a value of v = 1.15 ± 0.1, where 
a v of 1 would correspond to triple pomeron dominance and a V of 3/2 
would correspond to PPR dominance. 

CONCLUSION 

p-p inelastic scattering at small momentum transfer proves it
self to be a rather complex phenomenon. Especially puzzling are the 
interlocking }~, sand t dependences. In order to separate out the 
various mechanlsms) it is imperative to have systematic data with 
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fine resolution, high statistics, covering a wide ranRe in s, t, 
and ~~. Our (CFL-F}fS) next cxperimerit l 9, using the apparatus des
cribea in Section E, \"i11 be located at the Internal Target Area 

. of the National Accelerator Laboratory. Hith the automatic s 
variation of the proton beam from the acceleration cycle available 
to us, we hope to perform- a 'Series of measurements whi.ch will have 
the aforementioned desirable characteristics within the year. 
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