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Multiparton interactions and hadron structure
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We have studied the charged multiplicity distributions arising fymim andp-p collisions over the range of
center of mass energies from 30 to 1800 GeV. We find that a portion of each distribution does obey Koba-
Nielsen-OleserfKNO) scaling. Those parts of the distributions that do not scale are the result of collisions
which are initiated by multiparton collisions. Results from experiment E735 show not only collisions initiated
by double but also good evidence for triple parton-parton collisions. These multi-parton collisions seem to
account for essentially all the increase in the nonsingle diffractive inelastic cross section in this energy domain.
The threshold for multiparton collisions seems to be associated with the advent of sea quarks in the structure
function of the proton. We have developed a means of extrapolating these results to higher energies. The results
indicate that small Feynmanpartons seem to become more dominant as the energy is increased. It seems very
likely that the sea quarks are important at larger impact parameters than the valence quarks. This means that the
gluons and sea quarks are increasingly important in describing the collisions as the energy grows. The thresh-
old for multiparton collisions seems to be associated with the advent of the sea quarks in the reactions.
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I. INTRODUCTION II. DATA

. . . . . We will now present the data and their interpretation. We
The theories and ideas concerning multiple particle pro- P b

ducti back to the late 1930s with a sianifi X ud show in Fig. 1 the data on which our results are based. These
uction go bacx to the late s with a significant interlude, o he multiplicity distributions from the experiment UAS
at Fermi’s statistical theory of particle productiph]. The

i , : and the Tevatron experiment E735. These are the full phase-
theories progress through firebg®, strings[3], and quark-  gnace multiplicity distributions. The E735 results have been
gluon plasmg4,5]. We have continued the analysis of mul- extrapolated to the full phase space using the same computer
tiplicity distributions that was described in two previous pa-code as was used for experiment UEE. There is one en-

pers[6,7]. The data come from the collider experiments atergy where the two experiments overlap, namely yat
CERN-UAG5 [8] and the Fermilab experiment E739]. It

had been found that distributions observed at the CERN In-
tersecting Storage RingkSR) and fixed target energies obey
Koba-Nielsen-OlesefKNO) scaling[10]. It was discovered

in the UA5 experiments that KNO scaling seems to break
down by c.m. energies\(s) of 200 GeV. This breakdown
becomes more severe as the bombarding energy is increasec
The apparent breakdown of KNO scaling produced a lot of-g st
activity in attempts to understand the reason for the break-§ "
down[11]. Different types of distributions were proposed. In ‘3 2
particular, fits were made to the distribution using a negativeg o
binomial distribution which proposes that there afie) Sl
sources for then) particles observed. We have discovered ¢ |
that a part of each multiplicity distribution does in fact KNO E o
scale with respect to the average multiplicity for events ini- 2 o
tiated by single parton-parton collisions. The average multi-e€ .||
plicities we observe for the single parton-parton initiated col- oo
lisions are readily obtained from the UA5 and E735
multiplicity distributions as we will explain below. The
quantity we denote byn,) agrees quite well with théng )

of Giovannini and Ugoccionj12]. It is the average multi- Yo o ez w

plicity produced in single parton-parton collisions. Our ter- n

minology is quite different from theirs in that we do not kG 1. The multiplicity distributions as measured by experi-
believe that all the increase ip; with multiplicity is the  ments UA5 and E735 at various collider energies. Data from the
result of minijets but is the result of the production of atwo experiments which were taken at the same or nearly the same
larger fraction of more massive particlek'y for example  energy have been normalized to each other over a range of multi-
[13]. plicities just past the peaks of the distributions.
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FIG. 3. The average multiplicity,n,), obtained from the mul-
. B tiplicity distributions shown in Fig. 1, as explained in the text.

Normalized Cross Section

show that the cross section for single parton-parton interac-
tions does indeed seem to be nearly energy independent. This
is not terribly surprising since the parton-parton energies
. which give rise to the single parton-parton collisions vary
widely at a given bombarding energy. Thus we have found
o that KNO scaling seems to hold up to a value wof
~1.2n;). We show in Fig. 3 the plot ofn;) versus
I S log(y/s). The quantity(n,)=12.06 log(/s/4.27) over a wide
< n /<n1>3 range of energies. The line shown is the result gfdit of

the ISR, UA5 and E735 data.

FIG. 2. A comparison of multiplicity distributions at different To further analyze the breakdown of KNO scaling at high
collider energies. The distributions have been normalized at thenultiplicities we subtract the multiplicity distribution from
maximum value ofdo/dx wherex=n/(ny). (n;) is the average the distribution for collisions initiated by single parton-
multiplicity for a single parton-parton collision as obtained from the parton collisions from the observed distributions. The result
solid curve which is the KNO distribution from the ISR data. The js the set of distributions shown in Fig. 4. These distributions
actual cross sectiotio/dx may be obtained by integrating the over- show clear peaks close to=2. We believe that the events
all curves as presented and equating the result to the measurg@ntributing to these distributions shown are mainly the re-
value ofoysp to determine the scale constant. sult of double parton-parton collisions. The poorest data set
is that at\/s=900 GeV. The UA5 data fail at high multi-

=546 GeV. It can be seen that the UA5 data seem to falplicities and have been corrected by using the comparison
below the E735 data at high multiplicities and the E735 datdetween the UA5 and the E735 data&=546 GeV. We
are less accurate at low multiplicities. Experiment E735 ishave not put error bars on the points in these distributions
certainly statistically more reliable at the higher multiplici- since they would make the distributions more difficult to
ties since the experiment was designed to detect and studgad. We can estimate the errors mainly on the basis of the
events of high multiplicity and consequently there wereerrors as calculated in the UAS reports. We find that the
many more data at high multiplicities. Otherwise the twoKNO distributions from the lower energies are known to
experiments agree rather well over a large range of multibetter precision. The poorest data from a statistical point of
plicities. view are the data from/s=200 GeV which have errors
We show in Fig. 2 the collider data at four different ener-ranging from 15% to 20%. The most accurate data are those
gies superimposed in one plot. We have plotted the partidrom \/s=546 GeV and 1800 GeV and these data are accu-
cross sections as a function wfn/(n;) where(n,) is the rate to about 10%. It is very difficult to estimate the errors at
average number of particles initiated in a single parton-/s=900 GeV since the curve is a mixture of data from E735
parton collision(i.e. that part of the distribution that does and UA5 which were taken at slightly different energies.
KNO scalg. The solid curve is the distribution of multiplici- Next we discuss the energetics of the interactions in order
ties as found by fitting the ISR data using a polynomial in theto understand better the results shown in Fig. 4. The thresh-
quantityx. A useful aspect of this curve is that the multiplic- old for double parton-parton collisions is at a center of mass
ity at the distribution maximum,, ., is simply related tqn) energy between 100 and 200 GeV. The other result is that
as(n)=1.25,,, at each energy. This curve is used to find both the parton-parton collisions seem to give rise to nearly
the quantity(n,) at each energy. We note that the quantityequal multiplicities which would indicate that the amount of
do/dx is nearly energy independent up to a bit pestl for  energy involved in each of the parton-parton collisions is
the distributions shown. The different data sets are normaleomparable. We know of no simple explanation of this result.
ized to the same value afo/dx at n=n,,,,. We will later  To get an estimate of the amount of energy involved we use
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(n)=0.084 a(/s)1°*%exp{2.27[ a(/5)1°%}

]
¢

4422

D

derived by Webbef17] from QCD considerations to esti-
mate the multiplicity of charged particles froet-e~ anni-
hilation for energies above the LEP energies. The factor
0.084 is chosen to agree with existing data. Us#&igfor
e"-e” ands for p-p we define the quantity=\s’/\/s. We
show in Table I{n,) and the corresponding experimentally
determined values along with the quantityAs the energy
increases the value of decreases. This will mean that the
sea quarks and gluons will become increasingly important in
determining the characteristics of the interactions as the en-
ergy is increased. It is also obvious from an examination of
the table that the threshold for double parton-parton interac-
n n Q B tions should be slightly above ¢ of 120 GeV. We also note
" \ that the threshold for 3 parton-parton collisions should occur
) % slightly below \s=546 GeV. We conclude that the sub-
0 - \ tracted distributions shown in Fig. 4 are probably purely
i m\m double parton-parton collisions up througfs=546 GeV.
g Above that energy, the subtracted distribution is a mixture of
¢ double and perhaps triple or more parton-parton collisions.
o An examination of Fig. 4 shows that the subtracted distribu-
tions become broader as the energy is increased. We use the
oy 4%  subtracted distribution afs=546 GeV to estimate the num-
n/(n,) ber of triple collisions at the higher energies. We use the
same method as before, namely we subtract thehjgrt of
FIG. 4. The non-KNO scaling part of the multiplicity distribu- the double collision distribution a{/s=546 GeV from the
tion. These distributions were obtained by subtracting the KNOsubtracted distributions obtained at 900 and 1800 Gev. The
distribution from the experimentally determined distributions. results of this subtraction are shown in Fig. 5 fQE
=1800 GeV. We also can estimate the number of triple col-

the results on multiplicities produced in electron-positron andisions by using a convolution ofio; /dx to estimate the
nihilations. We assume that the amount of energy expendethape ofdo,/dx. The resulting shape agrees willor,/dx

in producing a given charged multiplicity in a parton-partonvery well on the higtx side for \s=546 GeV.

collision is the same as in the"-e~ annihilation process Using theoysp [18—21 we determine the cross sections
which produces the same multiplicity. The strong correlationo, and o3 which are shown in Fig. 6. The triple parton-
between multiplicity frome*-e~ annihilation and hadronic parton cross section probably contains some more highly
production has been known for over 20 yegid]. This fact ~ multiple parton-parton collisions. We note that agrees
has also recently been observed in multihadron collisions atery well with that measured by CDH22] at Js
the Relativistic Heavy lon CollidefRHIC) [15]. In a previ- =1800 GeV. The two experiments used entirely different
ous paper we found good agreement in comparing annihilanethods to determine the cross section.

tion data with hadronic interactions at fixed target energies

Normalized Cross Section

—

[16]. Usin.g a plot of average multiplicity versu',g and com- 1. EXTRAPOLATION TO LHC ENERGIES

paring this with our expression fomn,) we find that the

threshold for multiparton collisions should be close tq's We show in Fig. 7 a plot ofn) versusy/s. The depen-

of 120 GeV. dence deduced on the basis of this plot (%)
We use the formula =3.25(,/s)*> We can estimate the width of the multiplicity

TABLE I. Cross section summary.

Js in Gev (n,) y=1/s"/\/s onsp in Mb oy in mb o,+ 03 in mb
62 13.8 0.58 3131 31.3:1 0.0

200 19.85 0.423 33815 32.2t15 1.66-0.3
546 25.0 0.273 3983 32.8:2 7.0£0.6
900 27.6 0.21 42333 31.13 11.6£15
1800 31.1 0.145 4853.7 31.3:25 17.1-15
14000 41.6 0.04 6426 32.4:3.0 ~30
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Decomposition - 1.8 TeV
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FIG. 5. The decomposition of the multiplicity distribution at S e
\s=1800 GeV. The multiplicity distributions for 1, 2 and 3 parton-  FIG. 7. A plot of the average charged multiplicity as a function
parton collisions are shown. of \/s.

distribution on the basis of similar plots of the widths of the tjon of this distribution gives ar; which extends out to

multiplicity distributions at various fractionz of the peak 31ues ofx of the order of 4 or 5. Thus it indicates that there
value of the distribution. The width of the distribution gre cases which are possibly the result of 4 or 5 parton-
A(2)=B(2)(V/s)*. For small values of ¥/ the B(z) are  parton collisions in a single nucleon-nucleon interaction. The
small anda is of the order of 0.25, and when the fraction  myltiplicity distribution gives an) which is fairly close to

is small thenB(2) is large andx is ~0.4. We show in Fig. 8  the value of(n) calculated from the expression given above.
a set of the curves used to eXtrapOlate the widths from |OW€The agreement is to within S||ght|y more than 2%. It is very

energies to the Large Hadron CollidérHC) energy. Using  difficult if not impossible to estimate the accuracy of such
these extrapolations we constructed the multiplicity distribu-extrapolations.

tion shown in Fig. 9. We perform the same subtractions that ysing the cross section estimates of Blaztkal. [21] we
we used for the lower energy distributions. The decomposihaye a total cross section of 188 mb and an elastic cross
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FIG. 6. A plot of the partial cross sections for 1, 2 and 3 parton-

parton collisions. These cross sections can be deduced from the FIG. 8. The width of the multiplicity distributions for different
onsp by integrating the curves shown in Fig. 2. fractions of the peak value of the distributions.
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FIG. 10. The increase in the multiparton cross section is plotted
against the increase ioysp. We have used the fit to the cross
sections given in th&®eview of Particle Physics

0 1 2 3 4 5 6 7 8
X =(n / n1)

tiparton events. There is a useful summary of results on a

picture of the nucleon from data op-p total and elastic
cross section$24,25. According to the discussion in the
paper by Bourrelyet al. [25] there seems to be an opaque
core surrounded by a less opaque part at larger impact pa-

section of 30.6 mb. Extrapolating the single diffractive crossameters. We would identify the transparent rim with the sea
sections from the lower energig22] yields a single diffrac- 9uark contribution to the cross section. We show in Fig. 10 a

tive cross section of 102 mb. We believe these values are Plot of o5+ o3 versusA oysp which plots the data shown in
internally consistent and yield @, of 32+3 mb. Table | and shows that the cross section increase is well

An examination of the quantity,+ o5 as a function of accounted for by the multiparton interactions. We have not
Js in Table | shows that the increase ivsp is well ac- attempted to fit these data with any particular model of par-
counted for by the multiparton processes. We show in Fig. 1¢§cle production. The dual parton moddPM) [26] would
a plot of the increase in the sum ob-+ o5 VersusA oysp. probably predict a rapidity distribution different from that

This clearly demonstrates that the increase in the cross See[oduced by parton-parton collisions. A single parton-parton

tion is produced by the multiparton collisions. There is alsocOllision will produce a single accumulation of particles in

an interesting question as to why the threshold for doubl&ither the forward or backward hemisphere. The DPM tends
parton-parton interactions should be in the neighborhood of® Produce accumulations in both hemispheres since the two
120 GeV. We relate this to the fact that the sea quark distridiquarks carry most of the momentum and end up in their
bution starts contributing to the structure function of the pro_rgspect|ve hemispheres. A sample C.)f single pqrton Interac-
ton [23] at Feynmarx of less than 0.35 to 0.40. The quantity tions at 1800 GeV would make possible a decision as to the
yis related to the Feynmanin the following way. It is easy ~accuracy of the DPM.

to show thagfsectye= SX1 X2 Wherex; andx, are the Feyn-
manx values for the colliding partons. We rel&g e ciiye tO
the energy required ia*-e~ annihilation. Thus the quantity
y is closely related tdx;x,) (the quantityy has a value of
0.42 at+/s=200 GeV). Examination of Table | shows that (1) A portion of each multiplicity distribution does obey
the multiparton collisions have a threshold above 120 GeWKNO scaling.

We believe that the advent of interactions with the sea quarks (2) Multiple parton-parton collisions become increasingly
gives rise to the threshold for double parton-parton colli-important as the collision energy is increased.

sions. It also seems likely that the sea quarks are spread (3) The increase in the NSD cross section with energy is
outside the valence quark domain. This fits in with the factwell accounted for by multiparton interactions.

that the cross section increase is well accounted for by mul- (4) The data suggest that triple or more parton-parton col-

FIG. 9. The multiplicity distribution at 14 TeV obtained by ex-
trapolation. It is obviously very difficult to estimate the precision of
this extrapolation.

IV. CONCLUSIONS
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