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ABSTRACT

We review the experimental status of the nucleon-nucleon total cross section Utot

through the 1960's (data mainly from the CERN PS and the BNL AGS), the 1970's

(CERN ISR and Fermilab), the 1980's (CERN SPS Collider) and finally, the 1990's

(the most recent data at the Fermilab Tevatron Collider). The new results show that

Utot continue to rise as energy increases, consistent with 1092 s. We outline the open

questions for the next higher energy colliders, LBC (.JS = 17 TeV) and SSC (.JS = 40

TeV).

PACS: 24.00

·Under contract with CONACyT F246-E9207

tPresent address: Fermilab, P.O. Box 500, MS-221, Batavia, illinois 60510, USA

1



1. Introduction

To understand the dynamics of hadronic interactions at high energies it is essential to

know the nucleon-nucleon total cross section Utot in elastic scatterings. In this context

the Fermilab Tevatron Collider experiments (CDF and E-710 collaborations) have

recently published new results about Utot and the ratio of the real to the imaginary

part of the forward scattering amp~tude p for pp scattering. Also, is well known th~t

the UA4 measurement of p produced an intriguing result (p = 0.24) larger than the

expected (p ~ 0.13) from lower energy extrapolations. All these reasons added with

the Fermilab Tevatron Collider results in hand, make an ideal condition to present

a review of the behaviour of nucleon-nucleon Utot. This review cover approximately

30 years of experimental data; from 1960's, data mainly from the CERN PS and the

BNL AGS in the range of ~ 1 GeV to ~ 50 GeV, to the most recent experimental

data from the Fermilab Tevatron Collider at 1.8 TeV.

The structure of this paper is the following. Firstly, it discusses in Section 2 some

different methods to measure the nucleon-nucleon Utot. Section 3 is devoted to the

discussion of the elastic scattering distribution. Next, in Section 4 it does a historical

review of the experimental data (from 1960's to 1980's) and it compares the experi

mental results with predictions of the black disc model. Section 5 is concerned to the

analysis of the most recent experimental data from the CDF and E-710 collaborations

at the Fermilab Tevatron Collider. Finally, in Section 6 it outlines future prospects

in the field, specifically for the next higher energy colliders, LHC (.JS = 17 TeV) and

SSC (.JS = 40 TeV).
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2. Measurement of Utot

The nucleon-nucleon O'tot for elastic scattering is an experimental quantity which has

been measured to very high accuracy. Different techniques can be used to measure

One relies on a luminosity independent method1,2, from which O'tot can be deter-

mined using the optical theorem, and extrapolating the differential elastic cross sec-

tion due,Jdt to t = 0,

2 ()2 ( 2) -1 dO'el I
O'tot = 167T" 'lie 1 + p & t=O· (1)

Utot can also be written as the sum of the elastic Nel and inelastic Ninel rates as follows

(2)

where L is the integrated luminosity.

On the other hand, the distribution of elastically scattered particles is given by,

dNel _ L dUel
di-- &. (3)

So, substituting Eqs. (2) and (3) into Eq. (1), can be obtained a luminosity indepen-

dent expression for O'tot

(4)

where N e1 is measured using3 a set of detectors in "Roman Pots" and Ninel is measured

using a set of scintillators surrounding the interaction region. p can be extracted from

the interference region using the Coulomb phase4
• From p, the elastic slope, and the

inelastic rate, it obtains Utot. This is the experimental method used by the experiment
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E-710 at the Fermilab Tevatron Collider and it is similar to that of previous collider

experiments at the CERN ISR and SPS.

Thus, with the method described above, it derives Utot independently of L; the

latter is derived from the accelerator parameters.

It is also possible to use d~:L in the Eq. (4) instead of d!JtL, where d~:L is the

number of events in which an elastically scattered particle strikes a strip of detector

of width dYe d~:L is given by5 a function of y, Ninel, Utot, P and B as follows

(5)

where y is the vertical distance from the beam center, and each y bin cover a specified

range6 of t, and B is the nuclear slope parameter. This function is fitted to the

experimental distributions to extract the value of Utot.

Other technique7 is to use a direct measurement of the accelerator parameters to

calculate L, and hence make a direct extrapolation to t = o. It measures dUe'; dt,

which is given as

(6)

Then, the measured dUel/dt is extrapolated to t = 0 and Utot is calculated using the

optical theorem,

2 167l"(lic)2 dUel
U - I

tot - (1 + p2) dt t==o· (1)

This is the method used by the CnF collaboration at the Fermilab Tevatron

Collider.
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3. Elastic Scattering Distribution

The elastic differential cross section for nucleon-nucleon scattering is given by a sum

of three terms:

(i) a Coulomb term, which dominates the scattering at very small values of Itl, where

t is the 4-momentum transfer squared,

(ii) a nuclear term, which dominates almost entirely at larger values of Itl,

(iii) the interference term, which has a significant contribution in some intermediate

range around ItI= 0.001 (GeV/C)2.

These three terms are given explicitly as follows:

Coulomb term,

Nuclear term,

and

Interference term,

dUe __ 47ro?(lic)2G4(t)
dt - Itl 2 '

dUn =: U;ot(l + p2) e-B1tl
dt 167r(lic)2 '

(7)

(8)

(9)

where, a is the fine structure constant (~ 1/137), G(t) is the electromagnetic form

factor of the proton, written8 as G(t) = (1 + O~~l) -2, and <p is the Coulomb-nuclear

relative phase, given by4 in (0.08Itl- 1
-. 0.577) . So, the elastic differential cross section
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can be written as

Fig. 1 shows a typical elastic scattering distribution in which it can be seen:

(a) the Coulomb region, with ~ r-..J ~, which is used for normalization,

(10)

(b) the nuclear region, with ~ r-..J e-Bt , which is normally called the difraction peak

and can be used to extrapolate to t = 0 to obtain Utot,

(c) the interference region (also called Coulomb-nuclear interference region), which

can be used to obtain p,

and finally,

(d) the structure region, which is associated to dips and bumps.

4. Historical Review

In this section we review the evolution on the energy dependence of nucleon-nucleon

Utot from the 1960's to the 1980's. The experimental results are compared with the

predictions of the black disc model.

4.1 Evolution through the 1960's

The evolution of nucleon-nucleon Utot through the 1960's is reviewed with data avail-

able from the CERN Proton Synchrotron (PS)9-15, BNL Alternating Gradient Syn-

chrotron (AGS)l6,26, Lawrence Radiation Laboratory27-29, Rutherford High Energy
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Laboratory30, Cyclotron Laboratory of Harvard31
, and Serpukhov32

• The measure

ments are in the range of ~ 1 GeV to ~ 30 GeV.

In Tables Ia and Ib are shown the measurements of Utot for pp (52 points) and pp

(29 points) interactions through the 1960's. As it can be seen, all cross sections lie

in the interval ~ 30 mb to ~ 80 mb. However, some results up to ~ 170 mb have

been reported13 for pp interactions. The data seem to indicate (see Fig. 2) a smooth

behaviour of the cross sections as function of the energy being consistent with the

belief that all cross sections would eventually approach constant values as s ~ 00. At

least it seems as if the cross sections will not become infinite as the energy increases.

There is a theoretical argument supporting this fact, although slightly weak in its

formulation. By exploiting the consequences of quantum field theory, it is able to

show that Utot may grow at most as the second power of log (Plab ) as energy increases

(11)

where a is a constant, the value of which is not known. This relation is called

the Froissart bound, and was proved33 in 1961 using unitarity and the Mandelstam

representation of the scattering amplitude. Another proof based on the axioms of

quantum field theory was given by Martin34 in 1966.

Straightforward extrapolation of the data seem to indicate that Utot for collisions

of a particle and its antiparticle with the same target will eventually become equal.

This behaviour has theoretical justification as well. If it assumes that Utot of a particle

(3 for a particle a becomes constant beyond an incident energy € such that

Utot(a + (3) = 0 1 for energies > €1,

7
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and

(13)

where 0 1 and O2 are constants and a is the antiparticle of a, then it can be proved

that

Utot( a + (3) = Utot(a + (3) JOT energies > €, (14)

where € > both €1 and €2. This result is known as the Pomeranchuk theorem, proved

from dispersion relations by Pomeranchuk3s in 1956, and with less assumptions by

Martin36 in 1965. Those energies at which the assumptions and consequences of the

Pomeranchuk theorem are satisfied are known as the "asymptotic region". Results

by Lindenbaum37 suggest that the "asymptotic region" could be within reach with a

20 TeV machine.

On the other hand, the experimental data also indicate that Utot is bigger for

pp than for pp. This fact is qualitatively explained by the larger number of inelastic

channels open in pp collisions such as annihilation and baryon-antibaryon final states.

4.2 Evolution through the 1970 '8

In this section we review the state of nucleon-nucleon Utot through the 1970's from data

of the CERN Intersecting Storage Rings (ISR)38-43, Fermilab44- s1 , and Serpukhov52- s3

energies between ~ 50 and ~ 500 GeV. Tables Ila and lIb show these results for pp

(59 points) and pp (21 points) interactions.

In the 1960's data were consistent with the belief that all cross sections would
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eventually approach constant values as s --t 00. However, by the 1970'5, the picture

had changed. As s increased, all cross sections fell, reached a minimum and then

rose, as shown in Fig. 3, which contains Utot measured through the 1970's. Fig. 4

shows together measurements of Utot since 1960.

The rise observed from Figs. 3 and 4 is proportional to log2 s, the fastest possible

consistent with the Froissart bound. There have been many explanations for the

rising cross sections, these include an increase in diffraction scattering, minijets, and

the increasing effect of gluons.

An obvious question in the 1970's was if Utot will continue to rise, becoming infinite

at infinite energy, or if it eventually approach a constant value. Using ISR measure

ments, predictions54,58 for Utot at higher energies have been made using dispersion

relations; these showed Utot rising.

4.3 Evolution through the 1980's

In the early and mid 1980's, result became available from the CERN Super Proton

Synchrotron (SPS)59-62, CERN ISR63--69 , and Fermilab7o,71. In Tables IlIa and IIIb

and Fig. 5 are shown the SPS collider values on Utot both for pp (19 points) and pp

(20 points). In Fig. 6 are shown together measurements of Utot since 1960. As it can

be seen Utot continue to rise as energy increases. However, the data are not able to

distinguish between cross sections which at large s continue as log2 s, or those which

eventually approach a constant.

In the 1980's, data especially relevant are those from the UA4 experiment. The
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UA4 measured a value72 of p at VS == 546 GeV which does not fall on the general fits

to all other existing data. The experimental point is 2.5 standard deviations from the

prediction. This discrepancy between the SPS UA4 measurement of p at VB == 546

GeV and the expected value have been discussed in many theoretical papers73
-

78
•

There was a general concensus that some new physics was needed to accomodate the

value of p == 0.24. Many models have been produced using this datum point, with

many dramatic predictions.

UA4 also measured ue,jUtot. The value of ue,jUtot is a measure of nucleon blackness

and thus UA4 showed that the nucleon is becoming blacker with increasing energy.

After UA4 results were available, the open questions were:

i) What is the energy dependence of Utot (as s increases), does Utot go to infinity or

to a constant value?

ii) What is the energy dependence of p, and in particular can the UA4 result be

confirmed?.

4.4 The black disc model

Now· we discuss in detail the black disc model, widely used to explain processes of

elastic scattering.

The fact that the cross sections are finite as the energy increases can be seen as

an indication that the range R of the forces responsible for the interactions are finite.
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In the crudest of models it expects a Utot of the order of the geometrical one

f'J R2
Utot f'J 7r • (15)

In an impact parameter picture, it could define R as the maximum impact parameter

bmax for which scattering occurs. For the impact parameter amplitude B(b, E) the

above assumption takes the form

B(b,E) = 0 for b> bmax = R. (16)

It simply means that all particles that pass the target at a distance larger than R

will not feel any influence from the scattering centre and will thus pass untouched.

At high energies it is an experimental fact that inelastic reactions occur very

frequently. This means that the absorption parameter 17(b) might be quite small;

roughly speaking can be assumed that 17(b) = 0 for those b values at which scattering

occurs.

So, from the equation

B(b, E) = ;i ['1/(b, E) ezp(2i5(b, E)) - 1],

the impact parameter amplitude takes the form

1 i
B(b, E) = 2i (0 - 1) = 2" for b < R.

The assumptions given in Eqs. 16 and 17 define the "black disc model".

The result of the black disc model for the elastic scattering amplitude is that

Fel;black diBC(COSO, E) = iK foR bdbJo(bll) ,

11
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where Ii. = 2Ksin(B/2) = A is the momentum transfer.

From the optical theorem it derives O"tot directly.

47r [0 rR
] 2

O"tot = KIm 1,K 10 bdb = 27rR

As it can be seen O"tot is twice the geometrical cross section.

The evaluation of the Eq. (18) gives

2 1
O"eljblack disc = 7rR = "2O"tot jblack disc·

So, the parameter a = O"ed O"tot which is a measure of the amount of absorption

occuring in the interaction, it predicts to be 0.5.

With the predictions of the black disc model in mind, it now turns to the experi-

mental results. As it was mentioned in section 4.3, the energies available in the mid

1980's from the CERN SPS collider showed that the ratio O"edO"tot is increasing, as

energy increases. However, the value of O"el/O"tot lies between ~ 0.15 and 0.30, that is,

about half the value predicted by the black disc model; being larger for pp than for

pp, which is connected to the circumstance that more inelastic channels are open for

pp compared to pp.

Is the proton becoming blacker as energy increases, and eventually can the black

disc model prediction for O"edUtot be reached? These are even open questions.

5. Recent Data (1990's)

This section is concerned to the analysis of the most recent data from both the

CDF7,79-81 and E_7101,5,6,8,82-84 collaborations at the Fermilab Tevatron Collider.
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Both collaborations have made measurements of lTtot, p, and B for pp scattering at

VB = 1.8 TeV, the highest energy currently available, and with an integrating lumi-

nosity L = 4.0 ± 0.3 pb-1
•

These new Tevatron results allow a comprehensive review of the field. Particu-

larly interesting, after the UA4 measurement of p, is the new measured value of this

variable. The CnF collaboration has no reported any measurement of p. The E-710

group has made84 a measurement of p = 0.140 ± 0.069, which is in general consistent

with the expected behaviour based on lower energy data, implying that the UA4

measurement have been interpreted as very anomalous.

The E-710 group had a previous1 measurement of p at the same energy of the

UA4 measurement, VB = 546 GeV, which had been interpreted as inconsistent with

the expected behaviour. This situation have been the reason for that new physics

phenomena have been invoked in order to explain the apparent discrepancy at this

energy.

On the other hand, both the CnF and E-710 groups have reported recently mea

surements of lTtot for pp scattering at VB = 1.8 TeV. CnF has also reported81 a mea

surement at VB = 546 GeV. Their results are in general consistent with the expected

behaviour based on the "1092 s" physics and also compatible with the Pomeranchuk

theorem.

Table IV shows the results of lTtot and p, and also Band lTe,f lTtot for pp scattering

from both CnF and E-710 collaborations. There are not reported data for pp scat

tering. Table IV shows also a reported85 value of p from CERN SPS at VB = 541
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GeV for pp.

Fig. 7 shows the recent Tevatron results, along results at lower energy for O'tot (pp).

Can be concluded from Fig. 7 and Table IV, that O'tot and p continue to rise as energy

increases. Also, the values of O'ez/ O'tot reported in Table IV, show an increase with

respect to results at lower energies.

6. Future Prospects

From all the results presented, both recent from the CDF and E-710 collaborations

and from lower energy data, we attemp to outline future possibilities for the LHC

(yS = 17 TeV) and SSC (yS = 40 TeV) colliders.

The wide class of models that have made predictions for O'tot at the future energies,

as 'QCD' predictions86- 9o , rising mini-jet cross section91- 94, or the "odderon"95-99,

might suggest substantially new physics at the LHC and SSC colliders.

On the other hand, the UA4 measurement of p, based on Coulomb interference

which appears to disagree with the expected on the parametrization of O'tot at lower

energy, remains as the most intriguing result in the field. Any standard formalism74

is able to reproduce it, and so it could be a signature for new exotic physics75- 77.

This is a result which should be available at future energies.

The even unanswered questions for the future can be summarized as follows:

(i) Does O'tot go to a infinity or to a constant value as energy increases?

(ii) Can the UA4 result be confirmed?

(iii) Is the proton becoming blacker as energy increases?
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These forthcoming machines should gives the first experimental glimpse of these ques

tions.

In Table V are shown predictions of several models78,86 for Utot at the LHC and

SSC energies. Note the disagree and the wide range of predictions for Utot at SSC

energy.

6.1 Cosmic Ray Experiments

At present, accelerator data are available only up to VB = 1.8 TeV for pp interac

tions. No data are reported at these energies for pp. Now, with the recent problems

associated to the construction of the SCC, the possibilities to get accelerator data

in the near future to energies greater than VB = 17 TeV (LHC energy) are really

uncertains.

Recent cosmic ray experimentslOO-102 held at the Akeno Cosmic Ray Observatory

in Tokyo, provide us with the unique opportunity to measure the pp total cross

section at ultrahigh energies (E ~ 1017 eV). For the reasons mentioned above, these

experiments acquire great importance.

Using recent results from the Akeno collaboration and a method given by Durand

and Pi103 , is shown that Utot for pp increases with energy as

Utot(pp) = 38.5 + 1.37ln2 (0/10 GeV) mb. (19)

From this expression they were able to obtain the value Utot(pp) ~ 120 mb, for an

energy of ~ 104 GeV. The Akeno results are shown in Fig. 8 along with indications

of SPS, Tevatron, and the SSC energy ranges.

15



From the relation (19), the value expected for lTtot(pp) at the SSC (VB == 40 TeV)

is 133 ± 10 mb.

Conclusions

The review we have done from 1960's to the most recent experimental data on nucleon-

nucleon total cross section conduce to the following comments:

1. lTtot continues to rise, consistent with log2s.

2. p, B, and lTel increase with increasing s.

3. lTe,jlTtot increases with s, showing that the nucleon is getting blacker, but has

not yet reached the black disc value of 0.5.

4. The UA4 measurement of p, which appears to disagree with the expected value,

remains as the most intriguing result in the field. Any standard formalism is

able to reproduce it, and so it could be a signature for new exotic physics. This

is a result which should be available at the future LHC and SSC colliders.
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Figure captions

Figure 1. Typical elastic scattering distribution at hadron collider energies.

Figure 2. Measurements of Utot for PP and PP interactions in the 1960's.

Figure 3. Measurements of Utot for pp and pp interactions in the 1970's.

Figure 4. Measurements of Utot for pp and pp interactions since 1960's to 1970's.

Figure 5. Measurements of Utot for pp and pp interactions in the 1980's.

Figure 6. Measurements of Utot for pp and pp interactions since 1960's to 1980's.

Figure 7. Measurements of Utot for pp and pp interactions since 1960's up to now.

Figure 8. Energy dependence of Utot(pp) obtained using the Durand and Pi method.

Figure shows the Akeno results along accelerator data. The solid line shows the

fit in the form Utot(pp) = 38.5 + 1.371n2 (.Ji/10 GeV). (Ref. 100).
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Author (year)

2.1 46.9±1.0 Lawrence Lab M. J. Longo et ale (1959)

2.2 47.7±3.0 " "

2.3 46'.5±2.0 " "

2.5 45.0±3.0 " "

2.6 45.6±1.9 " "

3.3 44 CERN PS G. von Dardel et ale (1960)

2.8 42.9±0.5 Cy. Harvard W. M. Preston et ale (1960)

5.0 39.0±1.5 Brookh. AGS A. Ashmore et ale (1960)

5.6 38.7±1.5 " "

5.9 39.7±1.5 " "

6.2 39.7±1.5 " "

6.5 39.4±1.5 " "

6.9 38.7±1.5 " "

7.4 39.9±1.5 " "

4.5 39.5 " S. Lindenbaum et ale (1961)

4.2 47.3 Serpukhov L. Kirillova et ale (1962)

2.8 44.5±0.5 Lawrence Lab M. J. Longo and B. Moyer (1962)

3.9 41.2 Brookh. AGS K. J. Foley et ale (1963)

10 (GeV) ~ IT.o.(pp) (mb) I LaboratorJ

Table la. Measurements of O'tot through the 1960's in pp interactions (Refs. 9,14,16

20,22,27,29-32)
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Table Ia (con't)

y'S (GeV) Utot(pp) (mb) Laborator2 Author (year) I
4.3 40.2 Brookh. AGS K. J. Foley et al. (1963)

3.9 41.2±0.2 " "

4.2 40.2±0.2 " "

4.7 39A±0.2 " "

5.1 39.5±0.3 " "

504 39.5±0.3 " "

5.8 39A±OA " "

6.2 39.5±OA " "

6.1 38.9±0.3 CERN PS G. Bellettini et al. (1965)

7.2 38.8±0.3 " "

3.6 40.6±0.6 Brookh. AGS W. Galbraith et al. (1965)

4.1 40.0±0.6 " "

4.9 39A±0.6 " "

5.3 39.1±0.6 " "

5.6 38.7±0.6 " "

6.0 38.7±0.6 " "

6.3 38A±0.6 " "

6.6 38.3±0.6 " "
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Table Ia (con't)

VB (GeV) O'tot(pp) (mb) Laborator~ Author (year) I
2.1 34.0±O.2 Rutherf. Lab D. V. Bugg et ale (1966)

2.5 46.7±O.1 " "

2.6 45.3±O.1 " "

2.7 45.0±0.1 " "

2.8 44.4±O.1 " "

2.9 43.7±O.1 " "

3.0 43.0±O.1 " "

3.1 42.3±O.1 " "

3.2 41.8±O.1 " "

3.3 41.5±0.1 " "

3.4 41.4±O.1 " "

3.5 41.2±O.1 " "

3.6 41.2±0.1 " "

3.7 40.9±O.1 " "

3.8 40.8±O.1 " "

4.1 40.1±0.1 " "
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, f

Author (year)

3.1 68 CERN PS G. von Dardel et ale (1960)

3.3 60 " "

4.5 47 " "

4.7 53 " "

2.3 80±6 Lawrence Lab R. Armenteros et ale (1960)

3.9 61 Brookh. AGS K. J. Foley et ale (1963)

4.3 58A±OA " "

2.8 75.2±0.7 CERN PS U. Umaldi et ale (1964)

2.7 77.8±0.3 " "

2.6 79.3±0.3 " "

2.5 78.0±0.5 " "

3.5 57.9±2.6 " "

3.3 65.8±0.9 " "

3.2 60.6±0.8 " "

3.1 67.7±0.9 " "

3.0 69.7±0.5 " "

2.9 72.9±1.0 " "

3.6 59.3±1.1 Brookh. AGS W. Galbraith et ale (1965)

4.1 56A±O.8 " "

Iv'8 (GeV) ~ 0"'0'("") (mb) I Laborato;]

Table lb. Measurements of Utot through. the 1960's in pp interactions (Refs. 9,13,15,20,22,28)
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Table Ib (con't)

Author (year)

4.9 51.7±0.8 Brookh. AGS w. Galbraith et al. (1965)

5.3 50.7±0.9 " "

5.6 49.2±0.8 " "

6.0 50.3±3.6 " "

6.3 49.0±1.1 Serpukhov J. V. Allaby et al. (1969)

7.0 46.1±0.6 " "

7.6 47.1±0.6 " "

8.2 45.5±0.7 " "

8.8 45.0±0.7 " "

9.3 44.9±0.7 " "

9.8 43.6±0.8 " "

10 (GeV) ~ ITtot(jip) (mb) I LaboratorJ
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, '

.JS (GeV) ITtot(pp) (mb) ILaboratory] Author (year) I
30.0 40.3±2.0 CERN ISR M. Holder et ale (1971)

5.5 39.3±0.1 Serpukhov S. Denisov et ale (1971)

6.3 39.1±0.1 " "

7.0 38.8±0.1 " "

7.6 38.6±0.1 " "

8.2 38.5±0.1 " "

8.8 38.5±0.1 " "

9.3 38.5±0.1 " "

9.8 38.5±0.1 " "

10.3 38.4±0.1 " "

10.7 38.4±0.1 " "

9.6 38.5±0.1 Fermilab V. Bartenev et ale (1972)

11.8 37.7±1.1 " "

13.6 37.7±1.1 " "

15.2 37.0±1.1 " "

16.7 37.6±1.1 " "

18.0 37.4±1.1 " "

19.2 38.5±1.2 " "

Table IIa. Measurements of O'tot through the 1970's in pp interactions (Refs. 39,43

45,47-52)
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Table IIa (con't)

JS (GeV) Utot(pp) (mb) Laboratory] Author (year) I

19.7 39.5±1.1 Fermilab G. Charlton et al. (1972)

9.9 38.4 " V. Bartenev et al. (1973)

13.4 38.5 " "

16.6 38.7 " "

18.2 38.9 " "
I

18.7 39.0 " "

20.2 39.1 " "

21.5 39.3 " "

22.5 39.4 " "

25.6 39.8 " "

27.2 40.0 " "
I

9.8 38.1±0.1 " A. S. Carroll et al. (1974)

13.8 38.4±0.1 " "

16.8 38.6±0.1 " "

19.4 38.9±0.1 " "

6.7 39.4±0.4 " A. S. Carroll et al. (1976)

8.2 38.5±0.1 " "

9.8 38.2±0.1 " "
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Table IIa (con't )

,;s (GeV) IIT.ot(pp) (mb) Laboratory] Author (year) I
11.5 38.3±O.1 Fermilab A. S. Carroll et ale (1976)

13.8 38.5±O.1 " "

15.1 38.6±O.1 " "

16.8 38.7±O.1 " "

17.9 38.8±O.1 " "

1904 39.0±0.1 " "

21.3 39.2±0.1 " "

23.0 3904±0.1 " "

30.6 40.1±Oo4 CERN ISR U. Umaldi et ale (1977)

44.7 41.7±Oo4 " "

52.9 4204±Oo4 " "

6204 43.1±Oo4 " "

9.8 38.1±0.2 Fermilab D. S. Ayres et ale (1977)

11.5 38.2±0.2 " "

13.8 3804±0.2 " "

16.3 38.6±O.2 " "

18.2 38.8±O.2 " "

1904 39.0±O.1 " A. S. Carroll et ale (1979)
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Table: IIa (con't )

VB (GeV) Utot(pp) (mb) Laboratory] Author (year)
I

21.3 39.2±0.1 Fermilab A. S. Carroll et ale (1979)

23.0 39.4±0.1 " "

24.2 39.6±0.1 " "

25.3 39.7±0.1 " "

26.4 39.8±0.1 " "

32



y'S (GeV) Utot(fip) (mb) Laboratory] Author (year) I
6.7 47.4±0.3 Serpukov S. Denisov et ale (1971)

7.3 46.3±0.3 " "

7.7 46.1±0.3 " "

8.0 45.6±0.3 " "

8.2 44.6±0.3 " "

8.5 44.7±0.3 " "

8.8 44.0±0.3 " "

9.0 44.5±0.3 " "

9.5 44.1±0.3 " "

9.8 43.9±O.1 Fermilab A. S. Carroll et ale (1974)

16.8 41.7±O.2 " "

19.4 41.5±0.3 " "

8.2 45.5±0.1 " A. S. Carroll et ale (1976)

15.1 41.7±0.2 " "

17.9 41.7±O.2 " "

11.5 43.0±O.2 " D. S. Ayres et ale (1977)

13.8 42.0±0.2 " "

16.3 41.8±0.2 " "

Table lIb. Measurements of Utot through the 1970's in pp interactions (Refs. 48-51,53)
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Table lIb (con't)

l...rs (GeV) ~ /Ttot(pp) (mb) ILaboratory] Author (year)

18.2 41.6±O.2 Fermilab D. S. Ayres et al. (1977)

21.3 41.9±O.2 " A. S. Carroll et al. (1979)

23.0 41.9±O.2 " "
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Vi (GeV) lTtot(pp) (mb) Laboratory] Author (year) I
11.5 38.3 Fermilab L. Fajardo et ale (1981)

13.8 38.5 " "

1504 38.6 " "

16.8 38.7 " "

18.2 38.9 " "

1904 39.0 " "

23.5 3904±0.3 CERN ISR D. Favart et ale (1981)

30.7 40.1±0.2 " "

52.8 42.1±0.2 " "

52.8 43.3±0.3 " M. Ambrosio et ale (1982)

53.0 4204±Oo4 " G. Carboni et ale (1982)

52.8 43.3±0.3 " " "

30.7 40.3±0.2 " N. Amos et ale (1983)

62.5 43.7±0.3 " " "

52.8 42.7±OA " " "

23.5 39.7±0.2 " N. Amos et ale (1985)

30.6 40.1±0.2 " " "

62.3 43.6±0.3 " " "

Table IlIa. Measurements of lTtot through the 1980's in pp interactions (Refs. 63

66,68,71)
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Author (year)

11.5 43.1 Fermilab L. Fajardo et al. (1981)

15.4 41.7 " "

16.8 41.8 " "

18.2 41.7 " "

19.4 41.4 " "
I 52.8 44.1±2.9 CERN ISR D. Favart et al. (1981)

52.8 44.9±0.8 " M. Ambrosio et al. (1982)

53 44.1±2.0 " G. Carboni et al. (1982)

52.8 44.7±0.5 " " "

540 66±7 CERN SPS R. Battiston et al. (1982)

30.7 42.0±0.5 CERN ISR N. Amos et al. (1983)

62.5 43.9±0.6 " " "

540 67.6±5.9 CERN SPS G. Arnison et al. (1983)

546 61.9±1.5 " M. Bozzo et al. (1984)

30.4 42.1±0.6 CERN ISR N. Amos et al. (1985)

66.3 44.1±0.4 " " "

900 65.3±0.7 CERN SPS G. Alner et al. (1986)

1800 78.3±5.9 Fermilab N. Amos et al. (1989)

l..;s (GeV) ~ lTlot(jjp) (mb) ILaboratory]

Table IIIb. Measurements of Utot through the 1980's in pp interactions (Refs. 60-71)
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I ,).,

Uel/ UtotI B (GeV/cf
2

1p

E-710 1800 72.8 ± 3.1 0.140 ± 0.069 16.99 ± 0.47 0.223 ± 0.012

CDF 1800 72.0 ± 3.6 - 16.50 ± 0.76 0.229 ± 0.020

CDF 1800 80.0 ± 2.2 - - -

CDF 546 61.3 ± 0.9 - - -

CERN SPS 541 - 0.135 ± 0.015 - -

I Collaboration ~ .,f8 (GeV) I trlot (mb)J

Table IV. Recent (1990's) experimental results at the Fermilab Tevatron Collider for

pp scattering. Also is shown a value of p from the CERN SPS. (Refs. 1,5-8,79-85).
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I Collider ~ ..;s (TeV) !Utot(jjp) (mb) [ Model

LHC 17 107 ± 4 Block, Halzen, and Margolis (QCD)

SSC 40 121 ± 5 Block, Halzen, and Margolis (QCD)

SSC 40 135 Gotsman, Levin, and Maor (all)

SSC 40 106 Gotsman, Levin, and Maor (OIl)

SSC 40 134 Gotsman, Levin, and Maor (OIV)

SSC 40 191 Gotsman, Levin, and Maor (f2v )

SSC 40 132 Gotsman, Levin, and Maor (f2v I)

SSC 40 133 Akeno prediction for pp (Durand and

Pi method)

Table V. Predictions of several models for Utot(pP) at the LHC and SSC energies (Refs.

78,86). Also is shown the Akeno prediction for Utot(pp) at the SSC energy (Ref. 100).
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