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ABSTRACT

The contribution of QCD Jets to the rise with energy of the inelastic cross-section
is discussed quantitatively and found to be large. It is seenthat the inclusive jet yield
is the fastest growing component of the total cross-section. The dependence of this yield
upon the rapidity cuts, the choice of parton densities, the QCD scale Q2 and the transverse
momentum cutoff po are examined. At higher energies, multiple parton scattering processes

are seen to be non-negligible. Extrapolations of the jet yield to the Tevatron and beyond
are also presented.
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1. - INTRODUCTION

In this lecture we discuss the contribution of QCD processes to the observed rise with
energy of the inelastic non-single diffractive cross-section. Although QCD is believed to
be the fundamental theory of strong interactions, very little effort has been dedicated so
far to establish the connection between large cross-section phenomena, i.e. the hadronic
multiplicity distribution and the like, and the high p; jet phenomenon well explained by
QCD calculations. Recently such a connection has been advocatedto explain a variety
of anomalies which have been observed in the total inelastic cross-section as the energy
increased from FNAL, through the ISR up to the Spp S Collider!~1%). Among these so
called low-p; anomalies are :

(i) the rise of the plateau, i.e. the logarithmic increase with energy of the number of par-
ticles per unit of rapidity, emitted at 90 ° in the laboratory frame. This phenomenon
violates Feymann scaling which predicts a constant value for the height of the plateau.

(i) the growth of < p: > with multiplicity, i.e. the fact that single particle transverse
momentum distributions are flatter in high multiplicity samples!). This phenomenon,
first observed in cosmic rays?) was confirmed at the Cern Collider, and found to be
present, albeit to a lesser extent, also in the ISR data at 63 GeV?),

(iii) KNO scaling violations, which imply increasing fluctuations around the mean value,
in the number of emitted particles?).
(iv) rise of the total hadronic cross-sections, pp, pp and 7p%.

Independent explanations for each of the above phenomena have been put forward,
but we believe that they collectively signal the presence of an increasing contribution of
hard parton-parton collisions in hadronic scattering. The physical mechanism is rather

simple : as the hadronic cms energy increases, more and more partons of given energy ‘*‘:ﬁ
can be produced. More precisely, since the density of gluons is more peaked at small x
than that of quarks, a copious production of semi-hard gluons starts to take place. Then,
if %3 is large enough so that o,(8) is small, a hard scattering process initiates which can
be described by a first order QCD calculation, eventually accompanied by higher order
QCD corrections.

The properties of particles produced in these QCD processes are believed to be differ-
ent from those produced in the bulk of soft non-perturbative process. In particular, both
their distribution in space as well as their energy-momentum properties are different. Since
hard scattering is characterized by more central production ( relative to the rest of the
event) we can expect that as the energy increases the central region receives an increasing
contribution from particles produced in a jet event. Thus the logarithmic rise with energy
of the central plateau can be understood as due to QCD jets provided the jet cross-section
is large enough and with the proper energy dependence. We shall see that this is indeed
the case. As for KNO scaling violations and the growth of < p; > with multiplicity, it s
easy to see that there is a correlation between the two effects if jet events are characterized
by higher multiplicity and a higher < p; > than the no-jet sample. Qualitatively the higher
< pt > value for jet events reflects the smaller average distance at which the scattering
occurs. Similarly the larger number of emitted particles can be ascribed to a greater in-

elasticity, but also to the details of the QCD processes, like the dominance of gluon-gluon
scattering which implies different color factors in the particle production mechanism. A
full quantitative QCD calculation of these effects is still not possible, because inclusive
particle distributions require knowledge not only of the perturbative process, but also of



the dynamics of the underlying event. A useful approach, however limited in predictive
power, is to write for the inclusive cross-section

do = do™¥¥ 4 dg@°D (1)

where do9CP represent that part of the cross-section which receives contribution from
processes which can be satisfactorily calculated using first order QCD. What one can
calculate is the total integrated jet yield relative to the inelastic cross-section and see if
such yield adequately accounts for the various anomalies discussed at the beginning. To
be specific, a first estimate of KNO scaling violations requires the second term in eq.(1) to
be 72 10% of the first one at 546 GeV. At first sight this number appears too high. The
jet phenomenon in the past has been measured selecting events where at least one jet is
produced in the central region with transverse momentum Ez > 20 GeV and comparing
angular and transverse momentum distributions with QCD predictions. With such cuts
in E'T, the jet yield is no more than a few per mille of the total inelastic cross-section. On
the other hand the sharp rise of QCD cross-sections at small Ep predicts that by lowering -
the jet detection threshold the Jet yield should sharply rise and also that for any given Ep
value, the jet production rate is fast growing function of v/s. The question then arises as
to how low in Ep the jet phenomenon, as described by perturbative QCD, would persist.
Recently the UA1 collaboration has launched a search for low-Ep jets in the minimum
bias data sample at Vs = 546 and 630 GeV and subsequently performed the same analysis
during the ramping run, thus measuring the energy dependence of the low-Er jet yield
and associated quantities. With a nominal Jet threshold at 5 GeV , the yield at 546 GeV
was measured to be &~ 15% of the inelastic cross-section, thus confirming the presence of
a large number of jets in the minimum bias data sample. In this paper, we will compare
the theoretical QCD predictions with the results of this analysis as recently reported by
UAL, starting with the inclusive jet transverse momentum distribution up to the total jet
cross-section. These calculations should help clarify the role played by low-E; jets in the
observed rise with energy of the inelastic non-single diffractive cross-section

.

2, - DIFFERENTIAL JET DISTRIBUTIONS

The total cross section consists of various components, which can be schematically
indicated as elastic, single diffractive and inelastsc (including in the latter also the double
diffractive part). An inspection of the data shows the following general trends :

(i) the elastic cross-section o, increases with energy %),
(ii) the single diffractive cross-section remains approximately constanf.“),
(iif) while 0,4 &~ 0,1 at the ISR, we have 0,4 = 0.60,; at the Cern Collider. .
(iv) the ratio 5’—*‘;’;’“—‘?‘ remains practically constant and =~ %atot from .FNI}L energies
through the ISR and up to the CERN Collider. We illustrate this in Fig.1, where
we show the quantity oyt — 0ej — 054 as a function of Vs and compare it with the
expression for g;—'atot obtained from the well known fit by Amaldi et al.!?). '
(v) the jet cross-section as measured by UA1 rises faster than any other component. This
" can also be seen from Fig.1 where we have plotted the UA1 minimum bias jet datal®).
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Fig.1 : Experimental data (from the review in lref.52 for Oped = (Otot — Uel — Usd) V8. /8
are shown alongwith the continuous curve for 010 obtained from ref.12. Also shown
are the preliminary UA1 data for the inclusive jet yield from ref.13.

To investigate the role played by QCD processes in the rise of the total cross-section
we start by recalling the main features of the jet phenomenon as observed at IRS and
at the Cern Collider. For very large transverse energies, the jet phenomenon is rather
spectacular'415), Its kinematics is well understood by QCD predictions, as reflected in
the two jet-angular distribution!®). The transverse energy cross-sections are well described
by QCD calculations and structure functions which are extrapolated in Q2 from neutrino
scattering data . In Figs. 2a) and b), we show the first order QCD predictions for the
differential cross-section for inclusive jet production as a function of the jet transverse ro-
mentum at different energies, at 90° in the proton-antiproton c¢.m.,down to Er > & GeV.
The solid curves are obtained from the expression

do T Y F(zy) F x; 2 4
T 95,3 —("i']l')' (2'&&3(@2) T | A|? (2a)
dndp:  2ps° J,,, T 3 (221 — zpen)

. zyzpe " — zre? = 2pe __ —— Lt % } s
where z3 = ———J—T—————(hl_zw,,), Z10 —(2_—L—~1Te_,‘,),zr 72 = VZ1Z2 sin #* and the c.m. scattering

angle 0* satisfies
(217" — zae")
(z1e7" + z3en)

In the small angle limit, all amplitudes can be approximated by the same term, viz.

2¥ =cosf* =
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" Fig.2 : Theoretical curves for ;}—;‘;gﬁh,:o vs. pt obtained through Eq.(1) for /s = 63,200, 546
and 1600 GeV using Duke and Owens densities with Q2 = p?, Ny = 5, mode 1 (ref.
2 .
17) in (2) and EHLQ densities with Q% = Bt N = 4, mode 2 (ref.18) in (b). 63 GeV
data are from ref.19,experiment R807. 546 GeV data are from ref. 20 { O UA1 1983
Data from Jet Trigger) and ref.13 (¢ UA1 1983 Data from minimum bias).

AP = 7L
AP = 3 (2b)
In Eq.(2) the non-singular proton structure function F(x) is defined as

4

F(z) = G(z) + 5

(Q(=) + Q(=))

with G(x), Q(x) and Q(z)representing the density of gluons, quarks and antiquarks, re-
spectively. For a comparison we show the calculation for two different choices of parton
densities, Duke and Owens in mode 1 !7) and EHLQ in mode 2 ®). ISR and SppS data
13,20) shown in Fig.2a indicate that, while the agreement with experiments is good at
ISR, a multiplicative, energy-dependent K-factor is needed at the Collider. Such a factor
is attributed to the presence of higher order QCD corrections. Following the suggestion by
EHLQ, one can try to minimize these corrections by an appropriate choice of the scale, for
instance Q2 = 2};. This is shown in Fig.2b where the QCD prediction is obtained using
EHLQ parton densities. Unfortunately one notices that while the agreement with high en-
ergy data has slightly improved at high Er, this choice of scale does not reproduce the ISR
data as well as the previous choice. Moreover the low-E7r jet cross-section at the collider
still lies higher than the QCD curve indicating the need for more precise corrections in the
region where o, is large. A likely source of corrections is initial state radiation (soft gluon




bremsstrahlung) which would change the kinematics in a region where the cross-section is
rapidly varying. While this problem will require a complete investigation, in the following
we shall concentrate on the first order QCD calculation of integrated jet yields.
Differences between the choices of scale ( @%) are more evident in the low p; region.
This is the dominant region in the calculation of the integrated jet cross-section ( as
discussed later) and also the region recently investigated by the UA1l group. UA1 has
reported observation of the jet phenomenon down to transverse energies of a few GeV13),
These jets, which occur in the jet energy domain of the ISR, experimentally are an entirely
new phenomenon with respect to the high Er jets previously reported by UA1 and UA2.
The rate of these events at a given Er is a very fast growing function of +/s. On the
other hand, if one integrates in p;, the rate of increase with energy of the jet yield depends
crucially on the lowest p; of the jets, po and on the rapidity cuts. To show this we calculate
the jet yield at different energies, in the central region, |n| < 1.5 for various rapidity values,
integrating Eq.(2) in p¢ from minimum values pg = 3,4 GeV . The curves shown in Fig.3
indicate that the widening of the rapidity plateau is accompanied by the general QCD
result that as the energy increases, more and more jets are produced in the central region.
We now consider the partially integrated cross-section for |n| < 1.5 and for py==3,4
GeV. We give the results of this calculation in Fig.4. It is instructive to compare these
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Fig.4 : ojet vs. /5 is shown after integrating Eq.(2) using Duke and Owens densities as in
' fig. 2a, po = 3,4 GeV and |n| < L5.
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rates with the rate of increase of the inelastic cross-section, which we take to be %atot
and for oot we use the parametrization given by U.Amaldi et al. We find that the jet
yield, in the central region, at the Cern Collider varies from a minimum fraction of 0.027
at +/8 = 200 GeV to a maximum of 0.096at /s = 900 GeV, for po = 4 GeV.

The rate of increase is more dramatic if one calculates the jet yield in the full rapidity
range, where sizable violations of KNO scaling have been observed by the UAS5 collabora-

tion. We shall dedicate the next section to the discussion of the total jet cross-section.

3. - THE INTEGRATED JET CROSS-SECTION

In this section we calculate the fully integrated 2-jet cross section for various approx-
imations, different densities and various choices of the QCD scale Q2%, and compare the
results with UA1 data. This comparison will help clarify the dependence of the threshold
parameter po from the above choices. One implicit dependence, which we do not specifically
take into account, is that coming from the K-factor. Since the latter is energy dependent,
an accurate determination of pg can only be done when the absolute normalization of the
QCD cross-section will be fully clarified. For K=1, the result of our calculations indicate
that a value of 5 GeV for po is much too low to account for the UA1 results, even if one
takes everything in one’s favour, for instance by choosing Q2 = —’i—?-. We shall return to
discuss this point later in this section.

To calculate the fully integrated jet yield, one can integrate eq.(2) or use an alternative

expression, which expresses the 2-jet differential cross-section through the parton-parton
center of mass scattering angle,i.e.

v 1 do
. = — d . C *
Ojet(8) 5 / a:lj[d:vdg/dqos() 5 idzadcos 0"

In the dominant small angle limit, one can write

do _ 97[es(Q%)]? F(z1,Q?) F(22,Q7) (38 +cos6*?)® (3)
dzidzadcos §* 32s 22 T (1= cost?)?

where 0* is the scattering angle in the center of mass of the parton-parton system and the
integration in cos §* extends between —z¢ and 429 with

The calculation of the jet yield is numerically simplified if one neglects the angular depen-
dence in a,(Q?). Then the integration in cosf* is straightforward and gives

. do o F(ml,Q”) F(:Cz,Qz) 2\12 :
, o 0s(Q I 4
/dcos0 dzidzadcosd* 165  z,2 To2 [ o )] (po) (4)




with

4p3 e ——— 2
83Z1Z2 4p} 1+y1-%s ‘ 4pf (34 4 po .
= - 0 _ hded Bt N 1] — —2 1 5
T(po) po?® ! Sz1%2 16in + sxize \ 3 3129 (5)

A further simplification is obtained if one neglects ,in eq.(5), terms of higher order in 3;:1:0?;
One can then write?!)

o ld :

T1ojats(s) = ooy [+ ZF(EQ) f F(2,Q) [o(@?)]? (6)

with € = 1’%3-. To study how reliable this approximation is at present energies, we have
compared the total 2-jet yield obtained using the complete expression, eqs.(4)and (5), with

the approximate form given by eq.(6). In either case,we have used UA1 parametrization
for parton densities i.e.

F(z) = 6.2¢755% (7)

and an integration cutoff po = 5GeV. Also, we have chosen for the argument of ¢, the
2
quantity Q2 = ?;g. As one can see from Fig.5 the two calculations give different results,
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Fig.5 : 0jet vs. /5 for pg = 5 GeV, a,(””) using UA1 densities. Upper curve refers to the
approximate expression, eq. (6), lower curve uses eq.(5).
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even though, as the energy increases, the ratio %;‘-’- decreases a as one naively expects.
From this figure it appears that :
() while approximation (6) may be viable at higher energies it is preferable not to use it
in the energy range available by the Cern Collider;
(ii) cut-offs as low as 5 GeV do not give large enough cross- sections at Vs = 546GeV to
account for various anomalies discussed at the beginning.

Comparing this with the low-p; jet yield as measured by UA1 for a nominal jet thresh-
old at 5 GeV'3) , one concludes that the effective cut-off must be lower than the " declared”
value. This is partly due to the presence of the underlying event which contributes, more or
less isotropically to the measurement of all the transverse energy deposited in the calorime-
ters. Thus a jet event can be produced from a 3 GeV parton together with ~ 2 + 3GeV of
soft debris from the underlying event.

Above considerations leave a large degree of arbitrariness in the calculation of the jet
yield. To reduce some of the uncertainties we shall in the following discuss various choices
of densities and parameters and how they affect the calculation of the 2-2 jet cross- section.

We first calculate the cross-section using UA1 parton densities and for the following
four choices for the QCD scale :

(:BI.) Q2 — PL:‘;.

(b) Q*= &
(c) Q= 2522
(d) Q% = szyzy

In Fig.6 we show the comparative cross-sections for the above four different QCD
scale choices and pp = 3 and 4 GeV. One notices that :

(i) to keep the angular dependence in a, (case b) or to evaluate the latter at the smallest
possible p: value (case a) give very similar results,
(ii) the cross-section grows less rapidly with energy if the scale is proportional to s as in

cases ¢) and d).

The above calculations are based on densities measured in a limited energy range.
The use of this set is numerically convenient but not justified outside the energy range
of the Cern Collider. To show the effect of the evolution of the parton densities on the
calculation of the jet yield, we show in Fig.7 the cross-section with UA1 densities and
with EHLQ parametrization, mode 2, Q? = sz;z5. As expected, at higher energies, the
densities from ref.18,being more peaked at smaller x values, give a larger contribution.
Notice that the choice Q2 = 8z1x2 requires a threshold value pp < 3GeV to account for
the data.

So far, the analysis of low Er jets in minimum bias events shows a sharp rise with
energy in the contribution to the inelastic cross- section. This experimental observation
is in agreement with the numerical estimates of the quantity o2_jets as obtained from

first order QCD calculations. However at even higher energis to be reached by TeV I,
LHC and SSC, values of x as small as =z 104 contribute significantly to the cross-section
with po =~ 5 + 10GeV. For such small x values, the parton densities would become large
enough to make multiple, independent parton-parton collisions a sizable contribution to
the inelastic cross-section. Indeed these terms, which are of higher order in a,, become
important as the parton luminosity increases with energy for any fixed po of the partons.
Some evidence for multiple jet production may already be available at the Cern SppS from |
both UA1 and UA2 groups. We shall briefly discuss this point in the next section.
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Fig. 6 : ojet vs. /3 using UA1 densities for various a,(Q?) :
Q? = srz2, continuous line;
Q? = {55712, dashed line;
Q= 2}, dotted line ;
Q? = i, dash-dotted line.
For each type of line, the upper and lower curves refer to po = 3 and 4 GeV respec-
tively. Data shown are from ref. 13 and represent preliminary UA1 data taken during

the Ramping Run ( ¢) as well as during 1983 (/3 = 546 GeV) and 1984 (/s = 630
GeV).

Fig.T : o5t vs. /s using EHLQ densities, mode 2 (continuous line) and UA1 densities

(dashed lines). The upper two curves are for po = 3 GeV and the lower two for
po = 4 GeV, a,(sz1z2). Data are the same as in fig.6.

4. - MULTIPARTON COLLISIONS

The 4-jet yield due to 2 independent parton-parton scattering processes is approxi-
mately given by!8:22,23)

dog /ET—PO Er—pqo dos dos 1
94 o dE, / dE, 22292 §(Ey — By — B, :
dET Po Po 2ﬂ!ﬂE1 dEz Otot ( T 1 ‘z) ( )
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where %‘% is the 2-2 parton cross-section folded with the parton densities and integrated

over the rapidity variable. Upon integration over the transverse energy variable, eq.(8)
can be further simplified to read??)

04 1,604,

~ (2 ©

Otot 2 Otot’

We have seen that the ratio #::f; increases with energy in the present energy range.
Eq.(9) then indicates that also the ratio &4 would increase. This implies the presence
of a small, but finite fraction of multiple parton scattering events already at the CERN

Collider. From the measured jet fraction as reported by UA1'3), we can obtain the values
indicated in Table I.

Table I
ViG] = =@ | = =
200 0.076 0.074 0.037 0.0027
500 0.166 0.154 0.077 0.012
900 0.254 0.228 < 0.114 0.025

An extrapolation of these results to \/s =2 TeV gives for o4 ~ 3 -+ 4mb, for a nominal
jet detection threshold at 5 GeV. This is probably an overestimate, but it reflects the
general problem of properly taking into account the contribution coming from multiple
parton scattering. The above expression is obtained in the limit in which one neglects
all the correlations between partons emitted by the same hadron. An improved formula
would take into account longitudinal and transverse momentum constraints.

Such independent multiple parton scattering effects will also manifest themselves in
the KNO function at higher energies. Just like violations of KNO scaling at the Collider
have revealed the presence of a large number of hard scattering events in the inelastic
cross-section, similarly a further widening of the distribution may signal the presence of
a rising contribution from multiple parton processes. Indeed, if ¥ ( <:>) keeps flattening
as presently indicated by UAS5 results®4) - through the Tevatron and beyond - multiple

parton collisions may be the reason. In this respect, our 2-component model for KNO
scaling violations

On ch = "?jLnOlh + wr(:.llh (10)
was only a first step. With Sﬁz—%ﬁxed and Vgoand ¥, scaling, one does not obtain an
indefinite flattening of the total KNO function, but only a shift from one ¥ to the other,
as the relative weight increases. On the other hand this may very well be what would
happen in the limit of an indefinite number of independent particle production processes,
each of them characterized by an increasing average charged multiplicity. This problem is
at present under investigation and the results will be presented elsewhere.
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5. - CONCLUSIONS

To summarize, we have analyzed in some detail the production of low-Ep jets in
minimum bias events at present energies (60 + 1600 GeV ), to probe the uncertainties
introduced by the choice of Q2, the K- factor, parton densities at small x and a rather
crucial critical dependence on po. Despite these difficulties, it seems safe to conclude thaf
a large fraction of the inelastic data at high energies can indeed be understood in terms
of low-Er jets, with a transverse momentum threshold lower than 5 GeV and larger than
2 GeV. The threshold value is strongly affected by the choice of QCD scale and the K-

factor. For Q% = P; and K=1, we find po &~ 3.5GeV in the energy range of the collider.
Beyond present energies, hard multiple collisions begin to play a non-negligible role and
must be included in any quantitative estimate of the inelastic cross-section as well as the
KNO function. If these phenomenological observations are borne out at the Tevatron,
an important theoretical effort should be done to discover a dynamical mechanism which
would free a calculation of 040 from po and yet not significantly alter the differential
transverse momentum distributions.
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