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Abstract

We discuss and present phenomenological evidence to support the hypothesis that
several new phenomena observed in low p; physics are due to the presence of low-x QCD
jets in minimum bias physics. The phenomena we examine are KNO scaling violations,
growth of < p; > with multiplicity and rise of the non- single diffractive part of the total
cross-section.
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1. Introduction

We discuss here the hypothesis that many new phenomena observed in low p; physics
at the collider have as a common origin the emergence of QCD jets,which can be a visible
component of the cross section in minimum bias physics. In what follows, we shall first
illustrate the motivation for this suggestion(!!, then we shall describe a simple model which
shows how to relate KNO scaling violations(?! to the multiplicity dependence of < p; > for
single particle inclusive distributions®l. Next we will comment upon the energy dependence
of the jet-cross section and compare it with the presently observed log? s growth of aﬁ]t.
To test the hypothesis that minimum bias physics is being affected in a "macroscopic”
way by QCD jets , we suggest to study the transverse energy distribution of minimum
bias events and try to separate the mini-jet contribution from the bulk of many-parton
interactions. A calculation of transverse energy distribution which takes into account the
structure of the underlying event is proposed.

2. Motivation

Several anomalous effects have been observed in low p; physics as the available energy
increased from /s = 30 GeV to 540 GeV. Some of these effects were already observable
at the ISR[®!, but it was at the CERN collider that the data fully confirmed the previous
trend. These effects include : -

(i) KNO scaling violations ;

(ii) rise of the non-single diffractive part of the total cross section ;
(iii) growth of < p; > with multiplicity .
Other possible effects are the rise of the central plateaul®! and hence the log? s type increase
of the average multiplicity < n >17). It is expected that new data to be collected shortly
up to /s = 900 GeV will confirm the observed behaviour. Figure 1 shows some of these
effects. In fig.(1a), we show the energy dependence of the moments C, of the KNO function,
where

n
= IY(2)d =
Cq / 29¥(2)dz 2= 5
and the KNO function is defined as
n o
¥ = i
(< n >) <n> Y onOn

The lower energy prediction [8lthat the shape of the KNO function should remain constant
with energy is clearly violated at the collider, where the KNO moments, roughly constant at
lower energies, can be seen to depart from the ISR value. Such deviations are particularly
noticeable for the high moments (large q). This indicates that the scaling violations are
mostly in the high multiplicity region, i.e. at large n. Fig.(1b) shows the well known
behaviour of the total cross-section, which rises by about 50% from its lowest ISR valuel]
to the value presently measured by both UA4 and UA1 collaborations. Finally,in Fig.(1c)
one can see the growth of < p; > with multiplicity which characterizes the single particle
inclusive distributions and which had already been observed in cosmic ray physics!10l
a few years before being measured at the collider. Each of the phenomena described
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above has received a variety of interpretations!/!ll, ranging from the emergence of quark-
gluon plasma [12lto increase of central region collisions(13:14:15], The point must be made
however that all of the above data show violations from the logs type behaviour which
dominated low energy physics through FNAL and ISR. The most appealing explanation
of the above phenomena is that QCD parton-parton scattering are responsible for such
”scaling violations” and we suggest that a full program be started to verify this hypothesis
both experimentally and phenomenologically. Experimentally, an attempt must be made
to separate low-E; jets from the minimum bias sample and study, for each separate sample,
the multiplicity distribution as well as the p; distribution as a function of the multiplicity.
An effort in this direction has started and has been reported at this conferencell®l. A
sample of 40k m.b. events was analyzed with the standard UA1 jet finding algorithm
applied to the calorimeter information (jet axis : || < 1.5). The events were then divided
into two data samples: the ”jetty” events characterized by the presence of at least one jet
of energy > 5 GeV and the "non-jetty” events, to which the remaining events belonged.
Preliminary findings can be summarized as follows :
(i) alarge fraction of m.b. events exhibits jet activity, i.e. = 12+15% of the sample has
at least one jet with E4 > 5 GeV.
- (ii) the uncorrected inclusive cross-section extrapolates nicely to the sta.ndard high Er
data ;
(iii) the two classes of events exhibit remarkable differences:
o different < n.p > ( |n] < 2.5) :
<N Dpo—jets™ 15
<N Sjetty= 35
o different KNO distributions
o for events with jet(s), < p: > is independent of the multiplicity and larger than the
one for the non-jetty eventts
e the transverse energy distribution accompanying the two samples is different and is
characterized by
< Er >jetty= 2 <Er >no—j€t

In figs.2 and 3 we show some of the results of this preliminary UA1 analysis of 1983 data.
In fig.(2) we compare the KNO distributions of the two samples and one can indeed see
how the distribution of jetty events shows much less fluctuations around z=1, a situation
close to that found in ete~. In figs.(3a) and (3b) one can see that the average transverse
momentum of inclusive pions is higher for the jetty events than for the rest of the sample
and that the separation into two samples has either eliminated altogether the multiplicity
dependence (jetty events) or very much reduced it (non-jetty events).

The analysis, whose preliminary results have been summarized above, points to the
validity of the hypothesis of a sizable jet-contamination in minimum bias events. In the
next section we shall try to describe a simple phenomenological model which incorporates
the main idea of this talk, i.e. that first order QCD corrections to the bulk of multiparton
scattering are responsible at least in part for the phenomena described in fig.(1).



- 31 -

3. Two Component Model

The simplest way to study the relationship between KNO scaling violations and the
growth of < ps > with multiplicity is to separate the cross-section into two parts, as shown
graphically in fig.4. Correspondingly, one can write :

atot(s) = 00(8) + 0'1(3) (1)
do(s) _ doo(s) + do(s) (2)
dn dn dn
and do(s) do do
oS8 0 1 p.

=\ =9 —P 3
dndp; dn Po(pe) + dn 1(pe) (3)
In egs.(2) and (3), %{ represent the inclusive n-particle cross-sections and P;(p;) the

normalized single particle transverse momentum distribution in a given n-inclusive process.

Within the above approximation, we can say that low-p; physics, for which KNO
scaling is supposed to hold and for which the transverse momentum distribution does
not show any multiplicity dependence, is the one described by the first term at the right
hand side of the above equations. The "new” effects can then be considered to arise from
the second term. In the following we shall first discuss a model for the KNO function
derived from soft QCD bremmstrahlung. We shall also show how this function can be
approximated by the well known gamma distribution. The latter is one of the limits of the
negative binomial distribution, introduced by Carruthers and Shih [17lto describe, among
other physical phenomena, the multiplicity distribution and used by the UA5 Collaboration
to fit the KNO function in various rapidity intervals(8l, We shall then use the soft QCD
bremsstrahlung model in conjunction with eq.(2) to describe KNO scaling violations at the
collider. We shall subsequently use the approximation given by the gamma- distribution
to fit the preliminary UA1l data for multiplicity in the central region. Using eqs.(2) and
(3), one then obtains the curves shown in figs. (2) and (6).

In the soft QCD bremsstrahlung model(1®!, the shape of the KNO function is ob-
tained from that of the soft QCD radiation emitted in the scattering of quarks and gluons.
By summing all soft massless quanta emitted in the collision one obtains the following
expression for the energy distribution of the emitted radiation :

dP [ dt i n(By)

dw 27re (5)
where £ 3

d3k . —
WE = [ SRR (- e (©
4]
and
_ 2(13(kJ_)

. 2
|Jﬂv(k)i - ngi

The parameter E represents the maximum energy which a single soft gluon can carry away
in a given parton-parton collision. Assuming that on the average the final state pions
equally share the radiated energy, we made the substitution

w =n < energy > gingle pion
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so as to obtain for the KNO function the expression

no\ dt i2B(s)t—p(o) [ 4k (1—e=ikt)
W) =80 [ 5re '= (7

The parameter 3(s) which appears in the above expression is an effective soft gluon spec-
trum which incorporates the averaging process which takes place when eq.(5) is integrated
between initial parton densities and final hadron fragmentation. To wit, we have written

<dP(w,E)>=d< %> ;—ie‘<ﬁ>t_<h(‘)> (8a)
with
! dk —tkt
< h(t) >= B(s) /0 (- e (8)

and the symbol <> indicates the above mentioned average. We expect the effective pa-
rameter ((s) to have a residual loglog s dependence as well as to be proportional to the
color factors cp(= :—‘i) or ¢ 4(= 3) according as to whether the emitting partons were quarks
or gluons. A model which incorporates scaling violations of the type observed by the UA5
Collaboration can be constructed [2°by assuming that at low energy the dominant mecha-
nism of particle production is through gluon radiation from quarks, and that only at high
energy, i.e. past ISR and beyond, the contribution of gluon radiation from gluons starts
becoming important. Although at present, this is strictly only a convenient model and
nothing more, this subdivision may reflect the fact that for bremsstrahlung to take place
in a significant way, the emitting gluons must be energetic and in a large amount. This
means that one needs the fraction of energy x carried by the gluon to be small enough to
correspond to a large density, but the energy of the emitting gluons to be large enough
to allow the radiation of other gluons. This is'so that a, can be small enough for QCD
effects to take place in lieu of particle production. In other words, we start by assuming
that all gluons, soft and hard, are emitted by quarks. If the energy of the gluons is small
enough that «, is still in the confining phase, then these gluons will direcly hadronize.
Thus the relevant mechanism of particle production is, as we said, through gluons emitted
by quarks. If on the other hand the gluons are energetic enough that a, is in the pertur-
bative region, then these gluons can interact perturbatively with other gluons or quarks
and thus can start bremsstrahlung on their own. From this latter bremsstrahlung process,
characterized by the triple gluon coupling, there arises a mechanism of particle production
which becomes important only at high energy, when the density of hard, low-x, gluons
becomes large. With this model in mind, one can then approximately interpret the two
terms at the right hand side of eq.(2) as one dominated by quark bremsstralung and the -
second dominated by gluon bremsstrahlung.

We can now construct the KNO function which incorporates all the above remarks.
This function is obtained as the sum of two components, each one of them chracterized by
a different average multiplicity < n; > and a different effective spectrum 8;. Using egs.(2)
and (7), one has

Co(Fes) Tro(Fs)
‘I’(Z,S) — < o>1+r <n, > (9)




with
r(e) = 2
oo(s)
and
1 doy(s)
- 10
@t <n> 0’;(3) In ( )
_ <> o [ g zast—p [k (1-emik)
_<n;>ﬁ’(s)/zre <
One also has
< n(s) >= < ng(s) > +r(s) < nafs) >

1+ r(s)

The number of parameters can be reduced by using the known ratio of the color factors
“ = 2. According to the interpretation we just put forward for the two terms in eq.(2),
we would write

,30(8) N—c£~ <n0>
Bi(s) ca <ni>

(11)

By fixing Bo(s) = 2.5 at ISR (from the dispersion) and evolving to the collider energy,
we find(29! that a good fit to the UA5 datal?l can be obtained if the fraction of events
produced through the triple gluon coupling is as large as 12%. We show our fit in fig.5.

We now turn to discuss the UA1 datal316l, As mentioned before, we find that, from
the point of view of doing numerical calculations, the bremsstrahlung distribution of eq.(7)
is not very convenient. We then resort to approximate eq.(8b) as follows :

< h(t) >= blog[1 + it]
which, after some simple manipulations, leads to

U(2) ~ f%)y(bz)b'le“bz | (12)

A numerical comparison between egs.(12) and (7) shows that the two distributions have
the same shape for b ~ 28(s). From here on we shall use the gamma distribution obtained
above, instead of the actual bremsstrahlung shown in fig.5.

The UA1 datal®l for the multiplicity distribution cover a restricted rapidity interval,
|n|] < 2.5. For this set of data and in particular for the no-jet sample, we find that a
good fit is provided by the gamma distribution with b=3.45. Then, according to the
bremsstrahlung model, the KNO distribution relative to the jet sample should be obtained
by making the substitution

bjetty 9 < Njetty >

bno—jets 4 < Npo—jets >

In figs.(2a,b) we show the fit to the no-jet and jet sample with the parameters thus de-
termined. It does appear that the simple ansatz of eq.(11) represents the data quite well.
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The same ansatz can then be used to descrive the growth of < p; > with multipli'city.
From egs.(2,3) one has

<pt>o Qo( <ng >) + (3) <pt>1 Q1( <:1>)
2o(zms) T r(s)2i(2s)

Fixing the fraction of jetty events to be r = 0.12 and the average < p; >’ s from the data,
< Pt >no—jets= 385 MeV/c? and < p; > jets= 500 MeV /c2, one obtains the curve shown
in fig. (6). Notice that to describe these data, one needs a value < no >= 13, which is
somewhat lower than the one characterizing the multiplicity data. This can be justified, by
noticing that fig.(3a) definitely indicates a residual jet contamination in the no-jet sample.

The fits can be improved if a three component model is used : such a model could
include, in addition to the quark-quark and gluon-gluon scattering terms, a mixed term
corresponding to quark-gluon scattering. The correspondance between the data and the
phenomenological curve would improve , but the number of parameters would increase as
well. It is then necessary at this point to start a direct comparison between the data and
QCD prediction for hard parton-parton scattering. In the next section, we shall report on
such a calculation.

< pr >=

4. QCD Contribution to the Inelastic Cross-Section

In 1973, a suggestion/?!] was made that the observed rise of the total cross-section at
the ISR could be attributed to hard parton-parton collisions. Subsequent calculations of
the QCD cross-section could neither confirm nor exclude this ansatz, the reason being that
the jet cross-section is singular at t = 0 and its integrated value depends upon the minimum
p: of the jets(22l. There is thus a theoretical uncertainty which reflects the transition
from a many body interaction type regime to the perturbative area. Recent results at
the collider concerning the total cross-section have confirmed the rise in a very dramatic
way. We shall now evaluate the QCD contribution to the rise of the total cross-section
and compare this value with that obtained by the preliminary UA1l analysis mentioned in
sect.2. For such a comparison with theoretical expectations, we are interested in the overall
QCD contribution when the minimum transverse momentum of the partons is 5 GeV. At
the collider, such a transverse momentum corresponds to z7 = 0.02, for which value the
dominant contribution is from gluon-gluon scattering. An order of magnitude estimate can
easily be obtained by using the small angle limit for the various scattering amplitudes(22],
i.e. we can write

. 2 1 +2zo0
olet — frf_s/ f——;f('r) dz* [.4(;."‘,r)l2

2s " J—z
with
#0)= [ “ree)r(C, Y
and s
R e
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The limits of integration zg and 7o depend upon the minimum allowed value for the p; of

the partons. To wit, we have
2Dt pin = V/ST0 = y/s7(1 — 23)

Using UA1 parton densities(?3l j.e.
F(z,Q%) = G(z,Q% + ( (z,Q%) + Q(z, Q%) = 6.2 e~9:5% at Q% = 2000 GeV'?

as = 0.3 and py,,;, = 5 GeV, one obtains an integrated inelastic cross-section of 3 mb,
not very far from the preliminary UA1 results on the mini-jets (10 + 15% of oxsp). Thus
the experimental results are in reasonable agreement with QCD predictions on low-x jet
production. Concerning the s-dependence of the cross- section, it is worth noting that
gluon-gluon scattering is characterized by a In? s growth. This is similar to the well known
case of vy scattering in ete™ processes.

To proceed in the QCD analysis of the mini-jet sample, one must study the p;, and
E p-distribution of the sample. The calculation of the total scalar Er comes from two
sources : final state fragmentation and initial state bremsstrahlung accompanying the
hard parton-parton scattering process, on the one hand, and bremsstrahlung from the rest
of the event, on the other. In fact, unlike the p;-distribution of the jets, the variable scalar
Er directly reflects the hermeticity of the UA1 detector, and thus it measures not only the
hard parton scattering process but also the debrts which result from the breaking up of
the proton when a hard parton is emitted. We refer to this as the underlying event(UE).
The contribution of the underlying event to this type of measurement when jet production
occurs, can be observed if one plots the transverse energy flow around the jet axis(!®l.
These figures indicate that away from the jet there is a constant "floor”, which points to
an isotropic distribution. One can see that the jet profile stand out less and less as the
jet trigger is lowered, reflecting the experimental difficulty of detecting low E ¢ jets. The
effect of the underlying event can be incorporated by writing the following expression for
the total scalar transverse energy measured in a jet event :

UE da’“
dET Z/dl«: PYE(Er - E) dE (13)

fet
where PgE represents the normalized Er distribution of the underlying event while %
is the Er distribution from bremsstrahlung and fragmentation accompanying the hard
scattering.The subscript ¢7 indicates the contribution from various types of partons and
reflects the possibility that the underlying event be correspondingly different. A model for
scalar E distribution at the collider has been advanced by M.Grecol?4l. Here we examine
only the case when a hard process has taken place. Referring to the hard process shown
in fig.4b, the differential transverse energy cross-section is written as

d natve E d
3 - TZ/ / ~F, xQz)F( Q) —=Il ( \f‘ T’E2)|ukt

._1
8T
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daQCD
:Jk! (14)

—Z/drfu(")

t7kl

To include initial state bremsstrahlung, eq.(14) is modified so as to obtain the following
expression :

doict 1 gy Er do9SP
e -7 (r, Q%) dE'Pi;(Er — E')—L— (15)
dEq zkz: i i . ij dE!
with the soft bremsstrahlung distribution given by(25l
Pw) =+ / dte= At B(t, w1z ) (16)
0
with 4 [ome gk 0
me J_ w
Alt,wmz) = Cij— /(; -I—cfa‘(k‘l‘) log( k:z)(l — cosk | t)
and

Wms 2
B(t,wmz,w) = cos (wt —cij— / %ﬁ:aa(kl) log( (;:
s) L

I" )sin(k J_t))

A close inspection of eq.(16) shows that the bremsstrahlung distribution for the E'r variable
is very close in form to that which we used for the soft gluon radiation and which led to
the KNO function. This is an obvious consequence of the fact that in either cases, one
is summing over all soft gluon emission diagrams, but with respect to different variables
( energy vs. transverse energy ). As we discussed previously for the bremsstrahlung
model, these bremsstrahlung distributions vary according as to the type of emitting partons
involved. This is reflected in the coefficients ¢;; which are defined as

4 1 13
Cqq =CF = 3’ Cgg = €4 =3, Cqg = §(°F+°A) e

In the above expressions, the quantity w,,, represents the maximum transverse momentum
allowed to a single gluon emitted in the process and it is the exact (transverse) analogue
of the parameter E which appeared in the energy distribution. Energy-momentum conser-

vation in eq.(15) suggests

Finally, the bremsstrahlung corrected hard cross-section of eq.(15) has to be folded
with the E4 distribution of the underlying event. While the QCD calculation, although
plagued by a number of uncertainties like gluon density and the value for A, is along a well
trodden path, the question of what to choose for the underlying event is quite open. In
principle, the underlying event is different for different parton types and it has a functional
dependence upon the parton densities. In practice, these differences are smoothed down by
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the many integration processes taking place so that we can simply use an Er distribution
independent of the parton densities. This is the simplification adopted in writing eq.(13),
which corresponds to use a distribution averaged over the densities. As for the specific
form, one can take this function to be described by a bremsstrahlung type distribution,
i.e. we write

P(ET) =

1 b ET b-1 O — S
b e '<Br>ygp
<Er>ygT(®) \ <Er>ug

with the choice of the two parameters b and < Ep >yg which depend upon the type of
partons involved in the hard scattering. Numerical calculations are in progress and will be
presented elsewhere.

4. Conclusion

We have discussed the importance of low-x hard parton scattering in minimum bias
events and pointed out its connection to both KNO scaling violations as well as to the
observed growth of < p; > with multiplicity in inclusive pion distributions. The contri-
bution of these mini-jets to the total cross-section has been calculated and a model for
the transverse energy distribution characterizing any event accompanied by jets has been
presented.
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Figure 1.

Figure 2.

Figure 3.

Figure Captions

: (1a) Moments of the KNO function as a function of energy. Data are from ref.[2] ;
(1b) Total cross-section as a function of energy. Data compilation from ref.[9] ; (1c)
Growth of average transverse momentum in inclusive pion distributions. Data are
from UA1 collaboration[3l and ABCDHW Collaboration!®l.
: (2a) KNO distribution of minimum bias no-jet events (see text). UA1 1983 Datal!]
; (2b) KNO distribution of jet (Er > 5 GeV) sample (see text). UA1 1983 Data [16].
Fits are from two component bremsstrahlung model described in the text.

: (3a) Mean Transverse momentum of no-jet sample (see text). UA1 1983 Data [16] ;
(3b) Mean Transverse momentum of jet sample (E7 > 5 GeV). UA1 1983 Datal!6l.
For all UA1 Data, the pseudorapidity is |n| < 2.5.



Figure 4.

Figure 5.

Figure 6.
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: Decomposition of the cross-section into non-perturbative and perturbative (order
o) component.

: Corrected UA5 Multiplicity Data from 1981 and 1982 run at the Cern

SppS Collider. The continuous curve is obtained from the two component soft

QCD bremsstrahlung model described in the text.

: UA1 1983 Datall6l, Growth of inclusive single pion < p; > as a function of mul-
tiplicity. The continuous curve is based on the two component model described in
the text, using same set of parameters as for the fits to the KNO function shown in
fig.(2a,b).
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