
NATIONAAL INSTITUUT VOOR KERNFYSICA EN HOGE-ENERGIEFYSICA 

D-cember, 1987 NÏXHE?-Elê7-22 

THE RISE OF THE PROTON-(ANTI)PROTON TOTAL 

CROSS SECTION AT TEVATRON ENERGIES AND BEYOND 

P.M. Kluit and J. Timmermans 

NIKHEF-H, P.O. BOX 41S82, 1009 DB Amsterdam, The Netherlands 

ABSTRACT 

A dispersion relation analysis of the U A4 result on the real part of the pp elastic scattering 
amplitude (ppf=0.24 ± 0.04 [1]) is presented. The interpretation is twofold. Asssuming 
that the pp and pp cross sections are asymptotically identical, we deduce a steep rise of 
the total cross section in the 1-4 TeV domain. In case the pp and pp cross sections are 
asymptotically different, we deduce that there is a crossing of the total cross section of 
pp and pp between ISR and SppS energies followed by a steep rise of the difference of the 
pp and pp total cross sections. 
It is shown that in both cases this rise can be accounted for if we add an additional term 
with an energy cut-off to the usual Amaldi parametrisation of the the total cross section: 
ln2(s/scui) in the first case, or ln(s/scut0) in the second case, where y/scut lies around 500 
GeV and ^/sCuto around 63 GeV. Both quantities can be interpreted as a threshold of a 
new process. For the first case, a continuous parametrisation without a threshold is also 
proposed with an extra term of the forrr /n2(l -f- s/sj), where y/s[ equals 700 GeV. 
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As is well known dispersion relations can be used to obtain quantitative predictions for 

the behaviour of the total cross section. They are essentially based on one axiom, which 

is the foundation for all the models of elastic scattering: the analyticity of the forward 

elastic scattering amplitude. The results which are obtained with this kind of analysis 

are therefore model independent. 

Dispersion relations can only be derived if we assume a certain asymptotic behaviour of 

the forward elastic scattering amplitude F. In the most general case we assume that F 

rises at most as \JE2 - m2 ln2s, thus saturating the Froissart-Martin bound: 

Urn (Ttot(E)<^jln2(s/s0) (1) 
E—"Xi 77ÏJ. 

In that case the following condition is needed: 

Applying the Cauchy theorem to -^r one obtains (neglecting low energy contributions 

and spin effects * ) [2] the twice subtracted dispersion relation: 

P*{E)o„{E) = *° ± *lE + (3) 
PP PP y/E* - m2 y/E* - m* 

E2 r°° , i <7PP(£ ) cPf(E) 
+ — / dE \JE'2 - m 2 f « + EE 1 
+ xy/E* - m2 L [ E'2(E' -E) + E'2(E' + E)] 

where pPP is the ratio of the real to the imaginairy part of the forward elastic scattering 

amplitude for pp and pp. AQ and A^ are integration constants and m is the proton mass. 

If we make the assumption that the odd terms vanish at infinite energy - i.e. the elastic 

scattering amplitude is asymptotically an even function of the energy - formula (3) can be 

simplified. In this way one obtains [3] the standard (once subtracted) dispersion relation: 

pPP_(E)aPR(E) = . J° + (4) 
pp PP \ hl — ml 

£ /-co <TPP(£ ) app-(E ) 

Dispersion relations were used a decade ago to derive - from measurements of atot and p 

up to ISR energies - predictions for atot up to Collider energies [4]. It was a remarkable 

success: using eq.(4) and parametrising the total cross section as: 

<TPP = <%"* + C4 / n > / j 0 ) (5) 
PP 

1 An analysts of the t-distribution of UA4 [1] e.g. shows that spin effects are indeed negligible. 
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é™9* = Ci+ C2E~ai ± C3E-a* (6) 
pp 

a value of <rPp between 56 and 66 nib was predicted at ^s = 546 GeV, while a value of 60 

:fc 2 mb was measured [1,5]. A similar analysis was performed more recently on the (pp 

and pp) ISR data [6]. 

Using parametrisation (5) and fixing •) at 2, these fits predict for ppp at Collider energies a 

value of 0.12-0.14. Similar values are predicted by most of the models [7]. The recent mea

surement of p at the Collider yielded an unexpected large result: ^ = 0 . 2 4 ±0.04 [1]. This 

means that the total cross section must rise faster than the assumed ln2($) dependence. 

This faster rise should only take place in a limited energy region, since asymptotically the 

Froissart-Martin bound must be obeyed. In this paper we shall investigate two possible 

scenarios and derive more quantitative predictions on the high energy behaviour of the 

total cross section. 

In the first scenario we assume that the elastic scattering amplitude is asymptotically an 

even function of the energy. In this case the total cross section for pp and pp are required 

to reach asymptotically the same value: 

\\m(opp(E)-app(E)) = 0 (7) 
b—>oo 

and we may use the once subtracted dispersion relation (4). First we follow a more general 

approach to derive the consequences of the UA4 measurement. Secondly we present two 

more specific models. 

A parametrisation of the total cross section was constructed, which (a) is a smooth con

tinuous function of the energy, (b) has the usual "low-energy" behaviour (5), (c) respects 

asymptotically the Froissart-Martin bound and (d) at energies above 546 GeV allows for 

a steep local rise: 

CTPP = <xP
r
P
we + C4 ln

2(s/So)fZ
enE) (8) 

PP pp 

The violating function ƒ"/;" was chosen such that for energies lower than E\ it goes to 1; 

for higher energies up to Ei the function can rise as steeply as we wish: 

f™n, F\ - ] +(£/£')" D (to 
Jv,oi \*) - x + {E/Ej)\ j + (ElEtY ( ' 
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p. equals 0 determines the upper limit of the rise; for p greater than 0 the cross section 

falls off for energies greater than £3. Of course E\ << £2, E\ << £3, A > 0 and p > 0. 

The free parameters are tuned to admit different kinds of high energy behaviour. We 

accepted every parametrisation of the total cross section of form (8) which yielded a pp-p 

value of 0.24 ± 0.04 at ,/s=b-\6 GeV, with the constraint that the total cross section at 

y/s = 546 GeV must be equal to 60 ± 2 mb [1,5]. At ISR energies the deviation from 

the Amaldi parametrisation (5) is allowed to be at most 0.50 mb. The maximum allowed 

rise of the total cross section is 25 mb per TeV. A much steeper rise (due to e.g. a sharp 

resonance) is for physical reasons rather unlikely. 

The results - a shaded area which represents all possible parametrisations - are shown 

in fig.l and summarized in table 1. One observes a steep rise of the total cross section; 

much steeper than ln2(s), which is plotted in the same figure. The predictive power of 

this analysis is limited to energies below approximately 4 TeV. The measurement of the 

total cross section by UA5 at 900 GeV, which yields 65.3 ± 2.2 mb [8], is fully compatible 

with our prediction. 

The set of parametrisations of the total cross section (8) is only useful to obtain lower and 

upper bounds for the behaviour of the total cross section. A more specific parametrisation 

- using a threshold at scut - which has the proper asymptotic behaviour and satisfies 

theoretical constraints 2, is: 

OPP = <C 3 e + C4 hP(s/s0) + C$ B{s - scut) ln2{s/scut) (10) 

p? PP 

where 0(s) is a step-function. The constants scut and so are not prescribed by theory 

(see e.g. formula (1)) and can be chosen arbitrarily. The amplitude, which corresponds 

to this cross section, can easily be incorporated in most of the models. The physical 

interpretation of this formula is clear: we have a process which sets on at a = scut with a 

/n2(sIScut) dependence. 

The dispersion relation (4) with the input formula (10) was fit to the existing data for p 

and a tot up to 546 GeV, fixing a0 at 1.0 GeV and leaving free all 10 constants. The result is 

plotted in fig.2a and 2b. We sec that the fit agrees very well with the ÜA4 p measurement. 

The fit gives C5 = *lf mb, y/JcZ = 500t{$° GeV and a x^/n.d.f - 161.7/143. The 
'There is a lot of freedom in the choice of a suitable parametrisation. A model of the threshold type -
producing a more sudden rise of the cross section - is e.g. proposed by Martin [9]. 
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constant C$ and ^ „ i are strongly correlated. The lower limit is fixed by the data, the 

upper limit by the Froissart-Martin bound. The UA5 point [8] was not used in this fit, 

because their result was obtained using certain assumptions on the high energy behaviour 

of the ratio of the elastic to the total cross section. If we include the UA5 point - summing 

statistical and systematical errors - we obtain Cs = Ibtf mb, JsZt = ÖOOtfjg GeV and 

a x2/n.d.f = 161.5/144. 

We also searched for a continuous parametrisation - without a threshold - which is the 

analogue of formula (10). One of the simplest forms is: 

aPp = oT£>a< + C4 ln>{s/so) + C5 /n
2(l + «/«,) (11) 

w PP 

A fit to the data (again first leaving out the UA5 point) yields: C$ = 6t^ mb and 

y/sl = 700^2o° G e V w 5 t h » X2/n.d.f = 162.5/143. If we include the UA5 point we 

obtain: C8 = Utf mb and ^ = 1200i^g° GeV with a x2/n.d.f = 164.1/144. There 

are no noticeable differences between the cross sections for pp and pp above y/s ~ 300 

GeV. The results of these fits for otot and p are shown in fig.3a and 3b and summarized in 

table 2. To get an impression of the sensitivity of the results to the value oippp at v/s=546 

GeV we also fitted Eq.(ll) with ppp-=0.20 ± 0.04 at the same energy. Leaving out the UA5 

point we obtained C5 = 4±§" mb and y/sï = 500±12o* GeV with a x2/n.d.f = 162.8/143. 

The results of this fit for atot and p are also given in table 2. Note that the predictions 

are very sensitive to the ppj, value. 

In the second scenario we allow for an odd term at infinite energies. In that case the 

following asymptotic behaviour [10] can be assumed: 

lim {ovv{E) - <rPp(E)) = A ln(s/s0) +B (12) 

The twice subtracted dispersion relation formula (3) should then be used. As before 

we first follow a more general approach and then we present a more specific model. To 

obtain the implications of this hypothesis we should make additional assumptions. First 

we should fix the constant A\ in formula (3) at the value obtained by a fit through all the 

data points leaving out the UA4 measurement. The behaviour of the pp cross section up 

to 546 GeV is constrained by the measurement of the total cross section by UA4. This 

means that we can use the standard Amaldi parametrisation for the pp cross section, with 

7 equals 2: 

Opp = oTe + C4ln
2(s/so) (13) 
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For the pp total cross section we constructed a parametrisation which (a) is a smooth 

continuous function of the energy, (b) has the usual "low-energy" behaviour, (c) asymp

totically goes like (12) and (d) at energies above the ISR allows for a local rise: 

°» = °7r93t + C* <»2(s/*o) + "o /33(£) (14) 

The violating function f°f^ is chosen such that for energies lower than E\ it goes to 0; 

for higher energies up to £2 °r E4 the function can rise as steeply as we wish. 

fo<utn JEI Ex? 1 + (E/E3r 
Jv,ol( ' 1 + (£ /£ 2 ) A 1 + {E/E4)»

 { } 

fi equals 0 determines the upper limit of the rise; if p, is greater than 0 the cross section 

starts to fall off for energies greater than £4 and we obtain a lower limit. £3 determines 

the asymptotic limit. Of course E\ « £2 , £4 << £3, £1 << £4 , A > 0 and p. > 0. 

From qualitative arguments it is clear that the constant a0 must be positive. A high pj/p 

value can be obtained if the total cross sections for pp and pp cross between ISR and SPS 

energies [11]. The parameters in the violating function are tuned such that the formula 

reduces to the Amaldi parametrisation for low energies, and deviates at most 0.5 mb at 

y/s=62 GeV. We used the same method as in the case of the even hypothesis: we allowed 

all kinds of behaviour of the pp cross section which yielded pPp — 0.24 ± 0.04 at v
/«=546 

GeV. 

The results - again a shaded area - are shown in fig.4 and summarized in table 3. One 

observes a steep rise - steeper than ln(s) - of the difference of the total cross sections for 

pp and pp. The predictive power is limited to energies below 10 TeV. 

Of course it is also possible that some mixing occurs: if the pp cross section rises more 

steeply than ln2(s), the difference between the pp and the pp cross section will become 

smaller. 

As in the case of the first scenario we tried to fit a more specific parametrisation of the 

so-called threshold type: 

"n = ffn9gt + C* / n7W*>) ± C6 9(3 - s^to) ln{8/seut0) ± C7 (16) 
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A dispersion relation fit (fixing so and leaving free 12 constants) to the data with and 

without the UA5 point gives within the errors the same result: it yields (76 = 0-6 ± 0.3 

mb and x / s ^ = 63 ± 4 GeV with a x2/n.d.f = 162.8/14.. The fit is plotted in fig.5a 

and 5b. 

A continuous parametrisation is more difficult to develop: a simple In^s/s^u) does not fit 

the data, nor does a form like /n(l + S/S0JJ). Bernard et al. [12] however have added an 

extra Regge term to the low energy term, and where thus able to explain the UA4 datum 

with a maximal odderon of the form ln(s/s0dd)-

In conclusion, if the elastic scattering amplitude is an even function at infinite energy, we 

derive that the total cross section must rise locally faster than ln2(s). The rise can be 

accounted for if we assume that a process sets on around 700 GeV, which has the form 

/n 2 ( l+ «/«,). 

The second interpretation, which allows for an odd part at infinite energy, has as a conce-

quence that the difference of the pp and pp cross sections must rise like ln(s/scuto), with 

a threshold at y/s^tö equals 63 GeV. 

A precise measurement of the total cross section and p at the Tevatron (AcTpp < 1 mb) will 

be able to confirm the results of the p measurement by UA4 and to distinguish between 

both scenarios. 
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Bernard, M. Haguenauer, V. Innocente and G. Matthiae. We are very grateful to A. 
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acknowledged for his continuous support and the critical reading of this manuscript. 
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Table 1. Predictions for the total cross section using dispersion relation 

analysis to be compared with the ln2(s) (5) extrapolation. 

The errors given should be considered as the upper and lower bounds. 

Table 1. 

v^ 
TeV 
0.9 
1.6 
2.0 
4.0 
6.0 

pred 
"tot 
mb 
69. ±3. 
90. ±11. 
104 ±16. 
150. ±80. 
200. ±160. 

„stand atot 
mb 

65.0 
71.2 
73.7 
82.2 
86.5 

Table 2. Predictions for the pp and pp cross sections and p 

using Eq.(ll) with ^ = 7 0 0 GeV, p=0.24 and 

with ^ = 5 0 0 GeV, p=0.20. 

Table 2. 

vs 
TeV 
0.9 
1.6 
2.0 
4.0 
10.0 
40.0 

^ = 0 . 2 4 
p r e d 

...EC. ,._, 
mb 
71. 
92. 
103. 
157. 
265. 
510. 

vrtd 

0.34 
0.44 
0.47 
0.48 
0.42 
0.33 

pPp=0.20 
pred 

n 
mb 
69. 
84. 
90. 
118. 
169. 
274. 

0.24 
0.29 
0.30 
0.31 
0.30 
0.25 



Table 3. Predictions for the pp cross section using dispersion relation analysis 

and the ln2(s) (5) extrapolation for the jip cross section. 

The errors given should be considered as the upper and lower bounds. 

Table 3. 

yfi 
TeV 
0.546 
0.9 
1.6 
2.0 
4.0 
10.0 

aPred 

mb 
67 ±2. 
76 ±4. 
92. ±10. 
100.±14. 
148. ±42. 
350. ±200. 

„stand 

mb 
60.0 
65.0 
71.2 
73.7 
82.2 
94.5 
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FIGURE CAPTIONS 

Fig 1 The total cross section for pp and pp as a function of the energy. 

The shaded area is obtained by the dispersion relation analysis 

in the even scenario. The continuous curve represents the ln2(s) 

expectation, the dotted curves the one-standard-deviations 

in the constant in front of the ln2(s). 

Fig 2 (a) The total cross section for pp and pp as a function of the ene gy; 

(b) p for pp and pp as a function of the energy. 

The triangles represent the pp data points. 

The continuous curves are obtained without the UA5 point [8] in the fit, 

using a parametrisation with a threshold (10), 

for the dashed curves the UA5 point was included. 

Fig 3 (a) The total cross section for pp and pp as a function of the energy; 

(b) p for pp and pp as a function of the energy. 

The triangles represent the pp data points. 

The continuous curves are obtained without the UA5 point in the fit, 

using a continuous parametrisation (11), 

for the dashed curves the UA5 point was included. 

Fig 4 The total cross section for pp and pp as a function of the energy. 

The shaded area is obtained by the dispersion relation analysis 

in the odd scenario and represents the pp total cross section. 

The continuous curve represents the ln2(s) expectation 

for the pp total cross section; the dotted curves 

show the one-standard-deviations in the constant in front of 

the /n2(s). 
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Fig 5 (a) The total cross section for pp and pp as a function of the energy; 

(b) p for pp and pp as a function of the energy. 

The triangles represent the pp data points. 

The continuous curves correspond to pp scattering, 

using a parametrisation with a threshold (16), 

the dashed curves coorespond to jip scattering. 
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