LEPTON Pdi
PROD(IC'IP'I%E



Moriond Workshop on Lepton Pair Production
Les Arcs - Savoie - France, January 25-31, 1981

LEPTON PAIR PRODUCTION
ISBN 2-86332-008-4

1981 - Editions Frontiéres, 7, Avenue Kennedy 28100 DREUX - France

Printed in Singapore by Singapore National Printers (Pte) Ltd.



A

Proceedings of the

FIRST MORIOND WORKSHOP

Les Arcs - Savoie - France, January 25-31, 1981

LEPTON PAIR
PRODUCTION

Edited by
J. TRAN THANH VAN



Organizing Committee:

G. ALTARELLI
A.J.S. SMITH
F. VANNUCCI
and J. TRAN THANH VAN



FOREWORD

The first Moriond Workshop was held at Les Arcs, Savoie,
(France) from January 25 to January 31, 1981 in the same spirit
as the well known Rencontres de Moriond.

The main purpose of the Rencontres de Moriond is to discuss
recent developments in contemporary physics and also to promote ef-
fective collaboration between experimentalists and theorists in
similar fields. By bringing together a relatively small number of
participants, the meeting hopes to develop better human relations
as well as a more thorough and detailed discussion of the contri-
butions in an informal and friendly atmosphere.

The first Moriond Workshop was focused on the study of lepton
pair production. This important process which has been studied ten
years ago experimentally by L. LEDERMAN and his group and theore-
tically by S. DRELL and YAN Tung Mow gave rise to some of the most
important discoveries of the last few years : the new particles,
YV , vy and perhaps others in the future. The aim of this workshop
is to summarize the important results obtained in this field where
the concepts of quarks and colour are most relevant and which pro-
vides crucial tests for the only available strong interaction theo-
ry : Quantum-Chromo-Dynamics (QCD). It is hoped that this confron-
tation of ideas in this important field of physics allows the ex-
perimentalists to prepare a new generation of experiments with
the incoming machines in order to deepen our knowledge on the basic
structure of matter.

I would like to thank the organizing committee members :
G. ALTARELLI, A.J.S. SMITH and especially the coordinator
F. VANNUCCI for the hard work of organizing and preparing the scien-~
tific program and the Conference secretaries, M. BAILLY, J. BORATAV
and L. NORRY, who have devoted much of their time and energy to the
success of the first Moriond Wokshop.

I am also grateful to Mr. ASSIER the hotel director and
Mr. TOURAILLE who contributed through their hospitality and coo-
peration to the well-being of the participants, enabling them to work
in a relaxed atmosphere.

J. TRAN THANH VAN
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OPENING TALK: IMPORTANCE OF LEPTON PAIR PRODUCTION

G. Altarelli
Istituto di Fisica dell'Universita - Roma
Istituto Nazionale di Fisica Nucleare - Roma
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The aim of these introductory remarks is not to give in any sense a review
of the growing subject of lepton pair production in hadron-hadron collisionsl'z).
Rather I would like to stress the importance of this class of processes and sta-
te their role in the present context of QCD phenomenology. I also want to mention
a number of open questions or in general of problematic areas in the field. I am
sure that some of these questions shall be answered, in part at least, during
this same meeting while progress on some other issues will certainly follow from
the information and the impulse gathered in these days of common work.

QCD is the result of two decades of continous development, both experimen-
tal and theoretical, in many areas of particle physics from hadron spectroscopy
and the phenomenology of deep inelastic phenomena to the theory of relativistic
quantum fields. The fundamental notion of fractionally charged quarks, really
revolutionary in that it implies confinement, emerged out of hadron spectroscopy
and was 1later established by the success of the (so to say) naive parton model
in electron and neutrino scattering. The demise of hadrons from the rank of ele-
mentary particles to the more modest status of composite objects brought back
the possibility of a description of strong interactions in terms of a basic field
theory. A parallel formidable progress in the theory of quantum fields was taking
place leading to the formulation, the quantization and the renormalization of non
abelian gauge theories, to the development of operator expansion techniques and
to the study of the potentiality of the renormalization group equations including
the notion of asymptotic freedom and the realization of the unicity of non abe-
lian gauge theories in this respect. At the same time the construction and the
impressive success of the gauge theory of electro-weak interactions imposed gau-
ge invariance as the unifiyng principle for the theory of fundamental interactions,
gravity included, thus directly pointing to an extension of the same structure
to the strong interactions as well. QCD as a gauge theory of coloured quarks and
gluons is unique among renormalizable theories in providing a basis for the par-
ton model within the basic principles of quantum field theory. The selection of
SU (3) as colour group is also unique in view of a) the fact that the group must
admit complex representations because it must be able to distinguish a quark from
an antiquark (there are meson states made up of q& but not similar gqg bound sta-
tes). b) There must be colour singlet, completely antisymmetric states made up
of gqgq (baryons). c) The number of colours for each kind of quarks must be in
agreement with the data on @+ 2y and on Re+e— . Within simple groups a) re-
stricts the choice to SuU(n ).3), SO(4n+2 P 10) and E6 and b) and c) directly
lead unambigously to SU(3). Thus QCD stands to day as a main building block of
the standard model based on SU(3) @ SU(2) @ U(1) for the hadro-electro-weak inte-
ractions (at down to earth energies).

Although QCD emerges as essentially the only possible theory for the strong
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interactions within reach ot the weapon arsenal of present theoretical physics,
yet QCD is far from being established even as a viable theory. Two main questions
are in fact pending. First this theory is based on the conjecture that colour
symmetry is exact. Second in its present formulation one is not yet able to pro-
ve that confinement is contained in the theory as a necessary implication. On
this last crucial question some insight has been recently accumulated from the
study of gauge theories on a lattice and from the analysis of the structure and
the topological properties of non abelian gauge theories3). The results are
encouraging and make confinement perhaps more believable today than in the past.
Yet a real proof is lacking. On the other hand the observation of colour libe-
ration would also impose a radical revision of our views. Therefore QCD must be
still considered as a tentative theory.

Thus testing QCD is particularly important in that it represents the less
established sector of the standard model. Testing QCD is however difficult. In
particular itis more difficult than testing the electroweak sector, because
there the interaction is so weak that perturbation theory is always reliable and
moreover the leptons are at the same time the fields of the lagrangian and the
particles in our detectors. On the contrary QCD is a theory of quarks and gluons
while the real world is made up of hadrons. Also perturbative methods, our almost
unique tool, are only applicable in particular domains of strong interaction
physics, where the freedom, which is only asymptotic, can be reached.

Deep inelastic phenomena immediately emerge as the natural testing ground
for QCD. In fact on one hand the hadronic unknowns are reduced to a minimum when
restricting to hadron-current interactions. On the other hand the conditions of
high energy and deep inelasticity make perturbation theory applicable. The diffi=-
culty of testing QCD is reflected in the fact that no single process provides by
itself a clear cut and definite experimental proof of the theory. In view of a
number of ifs and buts that can be raised against any given experiment it is clear
that our confidence on QCD rests at present on the overall picture which is
emerging from several processes and many different kinds of tests.

Among the phenomena which could be thought as providing us with gold pla-
ted QCD tests the most prominent ones are of course totally inclusive deep ine-
lastic leptoproduction and the total e+e_ cross section at high energy. In fact
the theory of scaling violations in leptoproduction is cristal clear and offers
a large set of independent quantities to measure and compare with the theory.

The experiments are indeed becoming more and more refined and complete. All data

4)

are beautifully consistent with QCD °. This is of course of invaluable importan-
ce. However critical people may observe, and in fact do, that one cannot really
prove from the existing data on structure functions that the mechanism for sca-

ling violations is precisely the one implied by QCD. Indeed, due to the limita-
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tions on the available Q2 range, which makes it difficult to tell logs from
powers, and to the onsetting of theresholds, it cannot be strictly excluded that
some part or even the totality (as some extremists may say) of the abserved sca-
ling violations could be attributed to conventional breakings of the naive parton
model or to some other mechanism. Of course these objections could be experimen-
tally settled by looking at the final state and by showing, for example, that
the average jet transverse momentum at fixed scaling variables is increasing 1li-
nearly with the energy scale. This would be a typical signature for a hard parton
mechanism of scaling violations. But for this test, which is to some extent sup-
ported by the data, one must go out of the light-cone protected domain of gold
plated tests.

Similar is the situation for the total cross section of e+e_ annihilation.
The theory is also very clean. The purist's resistance to crossing from negative
to positive q2 values can be subdued. The experimental approximate validity of
different asymptotic limits below each threshold is in fact a test of the whole
precedure. Also it must be stressed that this is an absolute prediction with no

3

hadronic unknowns. The avaiable energy reaches up to Q2 =10 Gevz. The experi-
mental success of the really emblematic parton formula R =‘%lavours qi (qf =

= charge of quarks of flavour f) is striking. Yet one may object that only a sin-
gle number is measured and that after all the subleading QCD logs are not expe-
rimentally disintangled. One could take it as a success for the parton model,
seen as a special gift of light cone dominance, rather than a test for a spe-
cific, in some sense unique theory, behind it (apart from the fundamental and
not questioned experimental proof for the existence of colour). Once more, and
in this case in spectacular forms, the best scores for QCD are obtained when the

5) has shown that in

final state is analyzed. The recent work carried on at Petra
fact the final state looks precisely as QCD had predicted. Even in front of that
one may observe that much of the success is merely semiquantitative, that some
important aspects are still lacking a precise test, that the quantitative predic-
tions within QCD of some of the measured properties of the final state are not
really safe, the importance of non leading corrections in many such cases being

still under debates)

. And of course in any case again one is out of the gold
plated, light cone governed domain.

The whole experimental evidence at our disposal, even if taken in the most
conservative way, certainly indicates that the validity of parton dynamics
extends well beyond the domain of those simplest quantities that are related to
the dominant singularities on the light cone. In this respect the importance of
Drell-Yan processes as a very stringent probe of parton dynamics is really

imposing. In these processes the parton results cannot be linked in any way

to light cone or short distance properties. As one considers a completely inclu-



sive quantity (as far as the hadrons in the final state are concerned) the
Drell-Yan cross sections only depend on parton densities and not on fragmentation
functions. This allows on one hand a direct, absolute computation from the parton
densities already measured in leptoproduction of the cross sections in the chan-
nels P-Nucleon and P-Nucleon and, on the other hand, it provides us with a uni-
que possibility of measuring otherwise unaccessible parton densities as those
related to pion and kaon structure functions. The experimental proof of the do-
minance in the pion structure functions of the valence versus sea components,

for example, is not at all a trivial result because is can be viewed as a natural
expectation only in the parton picture. Moreover the Drell-Yan cross section is
quadratic in the parton densities, which means testing the parton model in a
particularly complicated dynamical situation. There are effects which may de-
stroy parton results associated with non linear quantities while preserving
linear predictions. A possible example, discussed in the literature7), is asso-
ciated with instantons.

The strategy in testing QCD must be based on a sequence of natural steps.
First one must establish the approximate validity of the naive parton model. On-
ce it has been verified that the parton mechanisms are indeed dominant, then it
makes sense to study the structure of the deviations from the naive parton dyna-
mics and to compare these violations with the QCD predictions. Now Drell-Yan pro-
cesses have the advantage of offering very clear cut signatures for the under-
lying parton mechanism. We recall the main ones: a)Intensity rules. The cross
sections of the valence dominated processes wt N, KN, P N .. should be much
larger, expecially at larger values of T , than those of the sea dominated pro-
cesses P N, K+N. Similarly the wt cross sections on isoscalar targets should
approach a ratio of 4 at large values of T where the sea densities can be ne-
glected. b) The angular distribution of the leptons in their center of mass
should be 1 + cosze, that is purely transverse, with respect to a reference line
asymptotically coincident with the hadron-hadron direction. c) The dependence
on the atomic number of the nuclear target should be linear in the parton regi-
me, because the number of partons in the target increases in proportion to the
number of nucleons. d) Scaling should be approximately true and adimensional
quantities as for example Q3do/dQ should approach functions of only the variable
T.

The available experimental evidence on lepton pair production at sufficien-
tly large energies and for masses of the pair beyond the J/¥ confirms the validi-
ty of all the previous distinctive features, as amply discussed in these Procee-
dings. This very neat success of the parton model strenghtens the point that the
general theoretical framework for its derivation is not iimited to a study of

the leading light cone singularities but rather, at the naive scaling level, is

13
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to be found in a diagrammatic analysis of softened field theories. And in fact
Drell and Yan proposedl) their mechanism for lepton pair production precisely on
the basis of a fiéld theory model with an external cut off on transverse momen-
tum. The validity of the same type of analysis is carried on to QCD with the only
difference that the cut oft on transverse momentum is removed (thus giving up
exact scaling) and is in a way replaced by asymptotic freedom, its closest analo-
gue in renormalizable field theories.

It is therefore important to refine and extend the experimental analysis in
order to precisely determine the domain of validity and the accuracy of the naive
parton approximation. The next question.is whether or not the QCD effects devia-
ting from the naive parton model are visible in the data. The first and the
theoretically most evident of such predictions is the presence of logarithmic
scaling violations. In fact the closest analogue to the parton model in QCD is
obtained in the leading logarithmic approximation (LLA), that is when all terms
down by powers of aS(QZ) are neglected. In the LLA all parton formulae keep
their validity, as guaranteed by the factorization theorem, provided the naive
scaling parton densities are replaced by Q2 dependent effective parton densi-
ties, whose Q2 dependence is governed, at order a (QZ), by the well known evolu-
tion equations. As a consequence it is expected that scallng is broken logarlth~
mically, as in leptoproduction, namely for example that Q do/dQ = F(rt, an ). The
presence ot these scaling violations is however not directly visible in the da-
ta which cannot, at this stage, be precise enough to show such a delicate effect.
This is particularly true in Drell-Yan processes in view of the extremeliy steep
dependence ot the cross section on QZ, which makes all problems of precise nor-
malization quite difficult.

Fortunately there are more efticient ways of detecting the same physical
effect in different forms than from scaling violations. As already mentioned in
the case of leptoproduction, it is through the observation of a linear increase

with energy of the average transverse momentum P_ ot the parton jets in the fi-

T
nal state that one can detect the hard parton origin ot scaling violations. In

fact the emission of a hard gluon from a quark (or the production of a hard qg

pair from a gluon) generates a tail of order g in the PT distribution of the

final parton jets, which behaves at large P_ as l/P;. The total PT distribution

T
can then be written schematically as:

do 2 1
—_— =8P ) +ta, —+ ... (1)
ap? T S p2

T T
The first term corresponds to the naive parton model approximation when the in-
trinsic pT component is neglected because, being energy independent, it is not
relevant here. Integration of the above distribution over phase space leads to

the scaling violation logs in the total cross section:
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2
~Q
- do - 1 4+q 2
g Jag dp slnQ + ... (2)
However this small (because it is of order a ) but long tail (because it extends

2
up to Q ) leads to a relatad, computable increase of the average pT

2 2 do 2 2
> o~ — o~
I pT 2 de aQ + ... (3)

de

where the dots stand for non calculable constant terms. The above schematic de-
rivation holds both for leptoproduction and Drell-Yan processes. In the latter
case the precise result can be cast in the formg)

<p2>=ag@)) s £ (1, meh) + ... @)
and analogue relations for other p moments. Of course the increase of p with
Q or S is only predicted at fixed values of the scaling variable T.

A remarkable feature of Drell-Yan processes is that the relevant p, di-
stribution is more easily measured in comparison to other processes. It is in
fact determined by the total pT of the lepton pair. This is to be contrasted
to other processes, for example leptoproduction, where this test demands a dif-
ficult reconstruction of the parton pT from the sum of the momenta of all the
hadrons in the jet. Thus it is not surprising that, while the direct observation
of scaling violations in Drell-Yan processes is not possible, the increase of
the average p or p2 is instead apparent both in P N collisions (where the very
high energy ISR data are extremely useful in this respect) and in = N data. This
is a clear cut deviation from the naive parton model in agreement with QCD expec-
tations.

An important task for the near future is the improvement of the above test
from the qualitative to the quantitative stage by precise measurements and compa-
rison to the theory of the slope functions f(rt, anZ) in eq. 4 for different pT
moments and different processes. At present there are still gaps to be filled
both by theory and experiment before one can be really conclusive on this point.
More statistics and more energy binnings are demanded to experiment. On the
theoretical side there are still uncertainties in the slope prediction which may
amount to factor up to 2-3 or so. This arises mainly from our ignorance of non
leading terms. For example we wrote a (Q ) in eqg. 4, but we could as well have
written as(< p; >). As Q is typically of order 50 - 60 GeV2 and < pi > = 2 Gevz,
the difference makes about a factor of 2, for reasonable values of A. This is be-

cause the LLA is strictly justified only in presence of a single energy scale,
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namely, in the present case only for pTﬁ Q. A useful result in this connection
was the resummationg)lo)of the leading logs of the form lnpi/Q2 which are absent
when pT= Q gut a;e ins;ead important when two large scaleszare present, i. e. in
the limit M << pT << Q”. Such studies indicate that as(< pT >) is presumably a
better choice, but the available ranges of Q and Pp values do not really allow
a meaningful application of this approximation. On a different line of approach
to the problem, the hard computation of the terjf of order a:(QZ) in the slope

functions, which is currently being carried on} will make the issue of the non
leading terms hopefully more clear. In P N or K'N collisions further ambiguities
in the slope calculation are added by our relative ignorance of the sea and
gluon densities which determine the result in this case. On the other hand esti-
mates of the Pp distributions in 7 N pair production show the dominance of the
qq term over the (q+q)G term. Incidentally this fact implies that the recoiling
hadronic jet at opposite high pT is, with large probability produced by a gluon;
a good chance to study the gluon hadronization. In conclusion the study of the
Pp distributions in Drell-Yan processes well deserves further efforts being one
of the main practical approaches to the QCD dynamics.

Besides scaling violations and the increase with energy of the average
pT a third effect which is also of great interest for establishing the relevance
of QCD in Drell-Yan processes is the issue of normalization for the cross sec-
tion, that is the well known K factor problem. We have seen that the parton
formulae in terms of effective parton densities are valid in QCD within the LLA
and are therefore broken by terms down by powers of aS(QZ). In order to evaluate
the first order corrections it is preliminarly necessary to precisely specify
what is meant by parton densities beyond the LLA. This is for example done by
specifing that the quark densities are to be measured from the structure func-
tion F2 of leptoproduction at the same absolute value of the virtual photon mass.
Once the parton densities have been specified one can then compute in a non
ambiguos way the corrections of order as(Qz) to the parton formulae for all
other processes, The explicit evaluation of the first order correction to the

1)

parton formula for the cross section of Drell-Yan processes1 has led to a sur-
prisingly large result which rescales upward the qa term, while all (q + a)G
corrective terms are of normal size and thus negligible in most cases. The phy-
sical origin of this result is clear: it can be traced back to the continuation
of q2 from the spacelike region in leptoproduction to the timelike region in
lepton pair production and to the difference in phase space between the two pro-
cesses (the heavy photon is in the initial state in one case and in the final

state in the other case). Detailed studiele)

of the first order correction show
that it is approximately a constant in the limited t range of the data and most

of the rapidity range. Taken at face value it should amount at current
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energies and T values to a rescaling of the cross section upward by factor
of about 2. The homogeneity of the correction in q&, its near constancy and
the fact that it appears only in the transverse part explains how it is that
the tests for the parton mechanism mentioned previously are not affected. The
presence of a nearly universal and constant factor of the right sign and magni-
tude is impressively confirmed by the data in all the available channels. What
is most impressive is that the experiments seem to closely reproduce all the
quantitative features of the first order result, although its magnitude clearly
should correspond to a breakdown of the perturbative expansion in uS(QZ). The
answer to this puzzle is to some extent provided by the arguments suggesting
the resummation and factorization of the largest contributions to this effectla).
The terms arising from the continuation of the form factor from spacelike to
timelike values of q2 are factorizable provided the double logs of the vertex
exponentiate in QCD as they do in abelian theories. The exponentiation of the
logs from the phase space effect is implied for the real emission diagrams by
the factorization of the an2 singularities. An obvious task for the theory is
to put these arguments on a more solid basis in order to understand the K fac-
tor more completely. On the experimental side it is important to study this ef-
fect more in detail by detecting its dependence on the scaling variables and on
Qz.

Continuum u+u— production does not exhaust the lines of research of main
interest in the field. We mention for example the study of -onia production
(the discovery of J/Y and of T clearly illustrates the great power of this tech-
nique in exploring new territories of physics). The comparison of continuum ver-
sus resonance production clearly illustrates the differences in the underlying
production dynamics. Much work is still demanded for an understanding of the me-
chanism of resonance production. Also very important in practice is the extensive
work in preparation to the wt and Z production experiments at the P P collider
which shall soon considerably extend the domain of lepton pair production. Fi-
nally a particular mention 1s amply deserved by the analysis of real photon pro-
duction at large Pr in hadron-hadron collisions. This process, closely related
to Drell-Yan production , is also of interest in perturpative (QCD in that class
ot phenomena that starting at order ag have no naive parton model analogue and
can be predicted at present only within uncertainties similar to those encoun-
tered in discussing large pT distributions in Drell-Yan processes. This fact is
stated here in that problematic areas are interesting areas as mentioned already
at the beginning of this talk.

In conclusion it is clear that Drell-Yan physics is of fundamenal impor-
tance in QCD phenomenology because it offers invaluable complementary informa-

+ -
tion to that obtained from deep inelastic leptoproduction and e e annihilation.
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In particular it is a very severe probing of the validity of parton dynamics

with clean experimental signatures. It also offers unique possibilities of te-

sting in detail hard parton effects, computable in principle in QCD and also in

practice with an accuracy which is increasing with time.
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A COMPENDIUM OF FORMULAE FOR LEPTON PAIR PRODUCTION

R.K. Ellis
CERN -- Geneva, Switzerland

ABSTRACT

I present a collection of theoretical results for
the production of lepton pairs in hadron-hadron
collisions,
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Ten years ago, Drell and Yanl) proposed a mechanism for the production of
lepton pairs in hadron-hadron collisions based on the annihilation of a parton
antiparton pair. In the subsequent years our knowledge of the constituents of
hadrons and their interactions has grown to such an extent that the original
model of Drell and Yan has come to be called naive. In this appendix I will
present some of the formulae of the naive Drell-Yan model before going on to
describe the results of its more sophisticated sibling, the QCD parton model.

I will give results for the Drell-Yan total cross-section and the cross-section
differential in the rapidity. Special emphasis will be given to the definition
of parton densities beyond the leading order in QCD and to the predictions for

the transverse momentum distribution of the muon pairs.

The basic interaction of the naive parton model is shown in Fig. 1, where
a quark coming from one hadron and an antiquark coming from the other annihilate
to produce a massive photon which subsequently materializes into a muon or

electron pair. The corresponding cross-section is given by

1

1
do _ 4ma? R
@ 9_:?'[ . f e Z . {qof G qp () + (oD 80yx,mD (1)
0 0

£

In this formula /S is the invariant mass of the incoming hadron system,

T = Q2/S and Q2 is the invariant mass squared of the massive photon and hence
of the produced lepton pair. The symbol qgij(xl) indicates the probability to
find a quark of flavour f inside hadron 1 with a fraction X, of the lon-
gitudinal momentum of hadron 1 and the subscript "o" indicates that these
are naive (scale independent) parton densities in the sense which will be made
more precise below. The reaction is quadratic in a, the electromagnetic
coupling constant and the strength of the coupling to various flavours of quarks

is determined by e the electric charge of the quark of flavour f, expressed

f‘l
in units of the electron charge. The quark distribution functions are constrained

by the conservation of charge,

Fig. 1
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1

I [[h] ] ] [v]
dx 9p¢ (x) - 4,5 x)] = Ve (2)

where vgh] is the valence value of the quark of flavour f inside hadron h.
Equation (1) contains a colour factor of 1/3 which expresses the fact that a

coloured quark can only annihilate with a quark of equal and opposite colour.

Certain comments about the range of validity of Eq. (1) are in order.
Equation (1) is derived in the impulse approximation which will receive its field
theoretic justification when we go on to consider QCD. No account is taken of
cooperative effects between quarks within a given hadron which in most kinematic

regions are smaller by powers of 1/Q2.

In most experimental configurations which have a limited angular acceptance
a more differential cross-section is appropriate. These are normally expressed

either in terms of the Feynman x variable or the rapidity y. These variables

F
are defined in the hadron-hadron centre of mass system where the massive photon

(muon pair) has momentum components (hadron beams directed along z direction)
>
q = (E,q,,q,) (3)

In this system the variables mentioned above are given by

(B+q,)
(E~q,)

z 1

X, = y = E’ln (4)

It is clear from Fig. 1 that specification of the mass and longitudinal momentum
of the muon pair completely fixes the values of X, and X, of the annihilating
quarks, since in the nalIve parton model the transverse momentum is constrained

to be zero and,
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X, =X - X (5)

The Feynman Xp differential cross-section is hence given by,

2 2 (1] (2]
_d%c _ 4mo” 1 e; 4, (xg) aof (Xg) + (1o2) (6)
dqQ?dx 95Q? (x%+x?)
F 172
£
where the parton distributions are evaluated at the points,

x =2 [xF + (X%+4T)] N

U )
X, = ) =3 [ xp + (x%+4T)] (8)
1

In terms of the rapidity variable the cross-section has an entirely similar
form,

1 (2]
g0 = IW—O‘ZZ ef‘_ q[f][/'_r ey] T (/‘E e'y] + (1e2) (9)
dQ?dy  9sQ? ¢ 0

£

In the context of the naive parton model the differential cross-sections,

Eqs (6) and (9) can be used to map out the shapes of the parton distribution
functions,



The most positive feature of the nalive Drell-Yan formula was that it allowed
the prediction of the lepton pair’production cross-section in terms of parton
distribution functions derived from deep inelastic scattering (DIS). As we
shall see it is precisely this operational definition of parton densities which
is the cornerstone of the treatment of the Drell-Yan process in perturbative QCD.
It is therefore to the O(as) corrections to DIS that we must turn before we

can treat the Drell-Yan process.

The lowest order contribution to DIS is shown in Fig. 2a where a spacelike
photon scatters off a quark. Radiative corrections to this process are shown
in Figs 2b,c,d. In the same order in the strong coupling constant oy we must
also consider the effects of incoming gluons shown in Fig. 3. The value of

the structure function F2 derived from these diagrams is given as follows,

1
N R DXCICE RETENC P T e

X

Y i e 2]
£

where,
T ST ) G Iy YRR P(2) =% (22 + (-2)°) (1)
w2 3(Q-2), "2 > Tq6 7 |? z
; ' j
(o) tb)
+
(c) (d)

Fig. 2 Fig. 3
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and the "plus function™ is defined in terms of its integral with an arbitrary

function f,

1 1

f(z) _ f(2) - £(1) (12
J.dx ?T:;j: = J’dz -z )

0 0

The scale yu in Eq. (10) is a cut-off introduced to control the singularity
coming from the amplitudes of Figs 2c,d when the gluon is parallel to the in-
coming quark. The presence of the logarithmic term in Eq. (10) dependent on

the scale p 1is a potential disaster. Unless we can eliminate the scale y
and the associated large logarithm the asymptotic freedom of the theory will

be of no avail; at all values of QZ, the structure function [Eq. (10)] will
be sensitive to the scale yu and hence the low momentum behaviour of the theory

about which we have scarse theoretical information.

It turns out that all these large logarithms can be factored out of the
perturbative cross-section and into the parton densities in a sensible fashion
as first suggested by Politzerz). Politzer's observation was that the large
logarithms were due to the degeneracy between the state of one parton (e.g.,

a quark) and the state containing several parallel partons (e.g., a quark and

a gluon) and that this energy degeneracy made it clear that the singularities
were a feature of the long-time physics of the hadronic wave function rather
than the short-time physics of the deep inelastic scattering. The coefficients
of the logarithms are independent of the particular hard process and depend

only on the parton type. Before proceeding to define the parton densities using
this philosophy we note two further features of Eq. (10). Firstly, the con-
stant pieces f beneath the logarithms are ambiguous in any particular regula-
rization scheme. Secondly, the diagrams with incoming gluons (Fig. 3) also
contain logarithms. These logarithms will also be absorbed into the quark dis-
tribution function since in these diagrams the hard scattering occurs off a
quark., This latter is an illustration of the problem of mixing in the definition
of the parton densities.

We therefore define our quark densities beyond the leading order3) in

terms of F,.
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q(x,t) ="'9y1{[6[1-ﬂ + ;ST- t qu[%] + o lesg}] 3,
iz el o, 2] e}

The quark densities now depend on the scale of the interaction t in a well-

defined way given in order as(t) by the Altarelli-Parisi equationsh)

1
dqf(x,t) ds(t) a X %
at _} [qu[ﬂ 1 (x0) + PqG(?) G(y’t)] (14)
X

Moreover, the valence value sum rules, Eq. (2), are still valid,

j [m #] ] [+]
dx | q; (x,t) - ¢ (x,t) | = Ve (15)

0

Proceeding to the Drell-Yan process we must calculate the diagrams shown in
Fig. 4 involving quark-antiquark annihilation and those in Fig. 5 involving in-
coming gluons. The result of the perturbative calculation for the total cross-

section is given by,

Fig. 4 Fig. 5
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1 1
DY dx dx (1] {2]
do 1 2 2 —
CR Y ) ST
0 0 £
o
[6(2—1) + 8(1-2) [—~ BP (z)t + o f (z)]]

+ Z e2 [Elj(x ) + E](x )J gZJ(xz) + (1+2)

£

o
X[e(l—z) [T; ROTEE I (z)H} . (16)

where the variable =z is given by =z = 1/x x_. Expressing this result in terms

of the structure functions defined by Eq. (13), we obtain the final result for

the perturbatively corrected cross-section

dx dx 1 2
d _ 4mo? / f Z e qE ](x],t) EE ](xz,t) + (1+2)
aQ*>  9sQ?
x [6(1-2) +a_(Q®) 68(1~2) [sz(z) - 2f215<z)]]

(B B, 0) &
+ ef (ap (x,t) + 7 (x;,0)] 6 (x,,t) + (1<2)

£

x [as(Qz) s(-2) (£o'() - DIS(z))] , an

As indicated above the functions fDIS and fDY by themselves are dependent

on the regularization scheme and hence we do not quote them here. However, any such

dependence cancels in the differences of the f functions in Eq. (17) which
are given by3)'5)
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ol
DY _ ,.DIS) _ s 4| _. _ 3 2 1n(1-2z) 4 2 _
Ol.s[fq 28 ] T3 [ 6 - 4z + .t 2(1+2%) [—1_z ]+ + [1+3TT ] 8(z 1)]
(18)
py .p1s) _%s 1 9 3
o (ipf - %) - 2 3 [[zz + ()] In(l-a) + 3eF - 52 + 7] (19)

Detailed consideration of the size and significance of these terms is given else-
where in this volumes). Suffice it to say that at presently accessible values
of Q% and T, the term (18) gives a large positive correction which appears to
be substantially independent of T for reasonable choices of parton distribution
functions., The size of this correction casts doubt on the validity of the per-
turbative expansion retaining only first order terms. It is plausible that

7)

these large terms may be resummed giving an improved perturbation series'’,

The transverse momentum distribution of lepton pairs is one of the strongest
signals for the departure from the naive parton model. Since QCD is a theory
with a dimensionless coupling constant, if we ignore the intrinsic mass scales

associated with the size we have immediately on dimensional grounds

@ =5 f[r,aS(Q2>] .. (20)

In this formula the dots indicate terms which do not grow with S and may be
ascribed to an intrinsic transverse momentum of the partons. The explicit form
for the function f to first order in as(Oz) is given below.

In first order QCD this large transverse momentum is due to the diagrams
of Figs 4c,d and Fig. 5. Calculating these diagrams we find that the explicit
form for the transverse momentum distribution at large values of gq,, at which

the intrinsic transverse spread of the partons may be neglected, is8)

do
dQdq’dy

275%Q

(1] [2]
X Z ei. {qf (XPQZ) 9 (xszZ) + (1=2) an(xlxz,z,xl)

£ cont.

1 1
2
8o aS(QZ)f dx, f dx, 6[x1x2 - %—(xlﬂ(z) Vx2HAT) + -r] x
0 0

y=0
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Gy, iy,
4 (@) + 3 (x,Q) [ 6 (x,Q%) + (102)

LN
Z;J f

. 2[[1] e J
X Foo(®%,52,% ) + er 119 (x50 + & ;,Q0)

f
[2] . R
X G (XZ,Q ) - (1+2) Fq(;(xl’xz’z’xl) (21)
where
2]q, ]
Q=/Q , X, = = s z = —L
/5 X%
and
8 x,
-8 2, L
an(XIX2,z,xL) = xi [l + 2% + lexz]
3 x
s 2y _ 3 L (1-.)2 -z)3 - 2 22
FqG(xle,z,xL) o [[x X (1-2) J (1 + 32) + 4(1-2)% + (1-2) (1+2) (22)
L

x2 x2
L
FAG(xl,xz,z,xJ_) = e(x; - x,) 2 (1-2) l———-J'——Z- P + 8z - 822 - 4
q 8x2 x,x, (1-2)% [F1%2

We can also derive from these diagrams the explicit form for the function f in

Eq. (20) to lowest order in as(Qz) and we find,

1 1
2 o’a_(Q%) (1]
ﬁ%%h%—fmfmwmwmapeq%m#>
Q 1] 0 f
(2] 6 16 [ RY
= 2 - 16 z 2 2
X gp (x,,Q ) + (1+2) 3+ ony? + e 114 (x1,Q7)
3

(1]
v, (x,0Y) +(1924 3 uiw s 712 - 22| b . (23)
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Information about the transverse momentum distributions is particularly interes-

ting because of the importance of the gluons. Indeed in proton-proton collisions

we find that at large values of T, incoming gluons are the dominant producers

of lepton pairs at large transverse momentum. However, the size of the correc-

tions to the total cross-section raises doubts about the validity of these lowest
9)

order estimates”’.

In the kinematic region in which

Q> [q | > /AQ (24)
DDTlO) have derived a formula for the transverse momentum distribution of lepton

pairs given by

2
q°do 2 [1] -[2]
—— = “”‘; dltl T2(t,) { el qp “(,e) I (AL, + (Le2)p| (25)
dqQ?dqldy y0 90S -
wherell)
_ 2.2 2 % 4 2
t, = 1n qL/H T?(t,) = exp ~ 53 (t - t)) (26)

Since the kinematic inequalities in Eq. (24) are to be interpreted in a loga-
rithmic sense, the practical utility of this formula at present energies is
small. A further improvement of this formula was proposed in Ref. 11) by trans-
forming to impact parameter space which is conjugate in the Fourier transform
sense to the transverse momentum space. Calculating the matrix element in the
soft approximation, but taking the conservation of transverse momentum into

account exactly, the authors of Ref. 11) obtain,

do

—_— 1 ~
2 = Efb db Jo(lbl |‘h|) a(b,Q,S) 27
dQdqldy

y=0
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where
o 8ma? (] 1y [L2] 1 .
5(b,Q,8) = g Z% 9 (/?,b—z] ag (/r',b—z)+ (1-2) | T(Q?,b?) (28)
€
and

4a (k%) 1n(Q*/k%)

T(Q?,b) = exp A(b), A(b) = % fdsz —g (exp ibek,-1)  (29)

kZ

The derivation of the form factor, Eq. (29), is subject to the restriction

A << % << Q (30)

whereas the integral in Eq. (27) runs over all values of b. However, inserting
the explicit form Eq. (28) into Eg. (27) we find that the contribution from

the region b N 1/A is small because of the form factor suppression. Thus,
although the chain of approximations is not exactly watertight it is at least

self-consistent.
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NA3 RESULTS ON DIMUON PRODUCTION : TEST OF THE DRELL-YAN MODEL

NA3 Collaboration

Presented by Olivier CALLOT

Laboratoire de l'Accélérateur Linéaire, ORSAY

ABSTRACT

We report here recent results from NA3 Collaboration on dimuon production.
Predictions of the Drell-Yan modell are tested. In particular, we present a

detailed study of nuclear effects and of angular distributions.

RESUME

Nous présentons ici des résultats récents de la collaboration NA3 sur la
production de dimuons. Des prédictions du modéle de Drell-Yan sont testées. En
particulier, nous présentons une étude détaillée des effets nucléaires et des

distributions angulaires.
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1. NA3 EXPERIMENT

This apparatus has been described in detailZ), the main features are the
large acceptance and the high rejection triggera). We have taken data during
about two years, and the analysis is not yet completely finished. Statistics are

given in the following table for continuum events (4.1 < M < B.5 GeV).

Table 1

Number of events (4.1 < M < 8.5) in the continuum

Energy
-150 -200 +200 -280
Reaction

+
T+ P ~22000 5600 ~2000 ~19000

+
T+ H2 535 121 40 740
Pip + P 275 1300
K + pt 700

2. NUCLEAR EFFECTS

a) Targets

We use two targets simultaneously (hydrogen and platinum), and can then
measure A dependance without any absolute normalization problems. But we must
ensure that the identification of the target is clean, and that differences of
acceptance are understood. For a platinum target, one must be aware of Fermi
motion, which gives a change in the value of S, and of possible production of
dimuons by secondary interactions (estimated to be about 5 % of the direct

production in our 6 cm target).

So systematic effects in this comparison come from uncertainties on the num-
ber of nucleons in each target (< 5 %) and from the above mentioned effects,

giving a global systematic error of less than 10 %.
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b) Drell-Yan Prediction

The cross section of the Drell-Yan process depends on the quark content of
beam and target. Here, the beam particles are 7 and the target particles are
proton (hydrogen) or a mixture of .4 p + .6 n (platinum). If we consider only
valence-valence processes (i.e uu annihilation), we expect a ratio of % (hydrogen)
over .4 x % + .6 x % (platinum) , that is 1.43. Values obtained with a more com-
plete calculation (including valence-sea and sea-sea), and integrated over the
4.1 - 8.5 GeV mass interval, are 1.48, 1.45 and 1.41 at 150, 200, 280 GeV for =~
and .89 for w+ at 200 GeV. We can also compute variations of this ratio with mass,
Xy Horens

c) Global analysis

We measure the ratio of the cross-section per nucleon (hydrogen over plati-
num) integrated over the mass interval. The ratio of this ratio to the Drell-Yan

: : . s Qo .
prediction is then a measurement of the nuclear effects ; using an A~ parametri-
AHp \ 1l-a

zation of the nuclear cross-section, the ratio is then ap

, and we extract
t
then the value of o. Results are given in table 2 for each set of data :

Table 2

Global measurements of nuclear effects - Systematic errors are included

) Ratio Hz/Pt per Drell-Yan Ratio to
Reaction effective nucleon prediction prediction ¢
n_, 150 Gev 1.51 £ .15 1.48 1.02 £ .10 1.00 + .02
n_, 200 Gev 1.35 = .20 1.45 .93 * .15 1.02 + .03
n+, 200 Gev 1.13 + .25 .89 1.27 + .28 .95 + .05
(m~-7+)200 Gev 1.60 = .40 1.92 .83 + .21 1.04 + .04
T 280 GeV 1.40 *+ .14 1.41 .99 + .10 1.00 £ .02

d) Variations with x., x

1 ,_mass, pt

2
With our 150 and 280 GeV data, we can study the variation of the hydrogen

to platinum ratio as function of some variables. We compare these variations with



34

the prediction of the Drell~Yan model,
| N"‘Ii':/ﬂll"ﬂ
pur pickeon and results are shown on figure 1 and 2

oo for the two energies. Agreement is very

nice for x x
’”0” 1’ 72
et dance, there is no prediction, because

and mass. For PT depen-

v the Drell-Yan model ignores PT. But we
' expect this PT to be due to the hard
process, and not to nuclear effects. The

measured ratio is flat up to large values

of PT’ in good agreement with this expec-

idiopins/ Platins tation. Note that, for the J/y, there are
| por mxtion

. 180 W nuclear effects, as can be seen on fig. 3.

+
H fl e) Carbon-platinum comparison

' Because corrections are important

(acceptance and Drell-Yan prediction)
when comparing hydrogen and platinum, we
have performed a check using simultaneous-

ly carbon and platinum target (the Drell-

! i : E i Yan prediction is about the same). We

frequently exchanged the target posi-
Fig. 3 : Hydrogen to platinum cross
section ratio for Y production as
function of transverse momentum. corrections. We took data during

tions, in order to cancel acceptance

two days, giving about 200 events for
each target in each position. The final result is an o value of .97 * .05 (inclu-

ding systematics), in agreement with previous measurement.

In conclusion, the absence of nuclear effects is clearly established, and

measured by the value of a :

a = 1.00 + .02 (systematics included)

3. PARTICLE RATIOS

The Drell-Yan cross section depends in the nature and distributions of quarks
(and antiquarks) in the beam and in the target. Using our data with 6 incident
particles , we can measure the cross section ratios, integrated over the mass

interval 4.1 to 8.5 GeV in a first stage. We obtain the following numbers.



Table 3

Cross section ratio to ﬂ_, for all beam particles
on the platinum target, at 200 GeV, integrated in mass

Particle K 3 n+ 1(+ p
Ratio to m

+ + + +
at 200 GeV .98 + .10 1.07 = .20 .51 = .01 .23 + .02 .23 + .02
Val?nce a a'a a s -
antiquark

As can be seen, this cross-section ratio is very sensitive to the possibi-
lity of valence-valence aq annihilation. We can measure more precisely the K to

7 ratio as a function of xl, and this is a measurement of the K u structure

function“).
+ - .
, For the 7 to m ratio, we can
1 * o measure it as a function of the mass, and
1 § EE this gives the well known fig. 4, which
1 is related to the electromagnetic cou-
J | pling in the Drell-Yan formula : the o

has an u valence quark (charge 2/3) and
the ﬂ+ an d (charge 1/3). For valence-
valence annihilation on an isoscalar

target, the n+ to T ratio is then
expected to be (1/3)2/(2/3)2 = %.
platinum target, this limit depends on

On a

the nucleon structure functions and is

between .286 (d = g) and

n T .375 (@ = g (1-x)) . For hydrogen, the

'
Masss{Ga)

. + - . . limits are respectively .125 and O.
Fzg. 4 : m to m cross section ratio
fege 2

as function of the mass. Curves are
the Drell-Yan model predictions

We cannot distinguish between these two limits, because of the presence of

the upsilon family.
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4. SCALING

M3dG/dM (150 GeV)
M3d0/dM (280 GeV)

1.5

_.
.
RRSSSSSSSS]

>
-
-
-

, b

ml Y280 | l Y150

Fig. 5 : Ratio of the invariant cross section M3 do at 150 GeV compared to
280 GeV. Resonances regions are indicated. Systematic error is indicated on
the vertical axis.

The Drell-Yan model predicts that M3 is only a function of t and XF'

do
dMdx
By comparing our 3 energies, we can verify this prediction. The standard picture
do
aMdx
invariant cross sectEl‘ons at 150 and 280 GeV (fig. 5), and we can see that this

is the curve M3 for different energies. Here, we show the ratio of these

ratio is compatible with 1 (within systematic error) and doesn't change with VT

in the continuum region (.25 to .37).

5. TRANSVERSE MOMENTUM

In the Drell-Yan model, the transverse momentum of the lepton pair is only
due to the transverse momenta of quarks in the hadrons, that is an intrinsic
momentum, of the order of a few hundred MeV. This is well known to be false,
<PT> being between 1 and 1.2 GeV and increasing with S. This behaviour can be

analysed in the framework of QCD.

We have performed such an analysis, see Jean Badier's contribution to these

proceedings. Here, wewill only give a phenomenological description of the shape

do —APT is k N
ap a e 1s nown to

of the PT distribution. The most simple expression,
T2
decrease too fast at large PT. Our parametrization takes into account the S depen-

dance, and is the following :
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M
dag T B 2 2
1 - — ; =V + 4P
3P o /M ; M i B

T

L}

n=4.15 Gev, B 4,7, Y = 11.05

This parametrization reproduces all our data very well as can be seen in
fig. 6.

}':T" (Echobe whitroire)

CERVITTATE)

;"\

e \

| !
. N

. 1 H

[

Fig. 6 : é%% parametrization compared to data for our 3 energies

jas]

T

6. ANGULAR DISTRIBUTIONS

In the Drell-Yan model, the polarization of the virtual photon is completely
transverse, this means that the angular distribution of the muon in the dimuon
rest frame is 1 + cosze, 8 being the angle between the muon and the quark direc-

tion. We present our analysis only for the 150 GeV data.

The quark direction is not accessible to experiment, and we must choose as
axis some combination of the hadron directions. If there is no transverse momen-—
tum, the beam and the target have the same direction in the dimuon rest frame,

and there are no ambiguities (according to the Drell-Yan model) .
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The most commonly used frames are the following :
. > > :
. Axis L = w (Gottfried-Jackson, G.J)
> >
. Axis L = P (u channel
>
. Axis L =

external bisectrix of ; and ; (Collins Soper, CS)

The typical angle between these axes is

of the order of PT/M. We define also an
> o -+ >

angle ¢ between (m, p) plane and (4, L)

->

plane, positive in the ? x p hemisphere,

see fig. 7. Most of the theoretical

prediction use the Collins-Soper frame,

because in this case the PT of the dimuon

is equaly shared between the two quarks.

b) Global analysis
Fig. 7 : Definition of angle and First, we can look at the cos8®
axts 1n the dimuon rest fraue.

J ¢ distribution, integrated over all other
variables (i.e M, XF’ ¢, PT). The result
is shown on fig. 8, together with accep-

tance. A fit of the form

— +
dcosb 1

.08 in the C.S
frame. This is in good agreement with

A cos?8 gives A = .91 #*
Drell-Yan prediction. Note that the accep-
tance in cos® is very poor at large

values of cosze, and this gives us some

problems which we will describe now.

c) Problems

Acceptence

AR add The general expression for this
/ \

/

" angular distribution is
\ L
/ X W(8,0) = Wy (l+cos28) + W sin20 +

/ \ wA sin20 cos¢$ + wAA sin26 cos2¢
\

W's are functions of all other

variables (M, XF' PT). Acceptance is a
J \ function of M, X_, P_, ¢, with strong
3 = — cord F T
correlation in some regions (eg PT and ©
Acceptance and data for cos 2

4 4 A 2 at large XF'
distribution. Collins~Soper frame,
150 Gev.

8,
Fig. 8 :

6 and ¢,...). We need a
good representation of all other parame-

ters, before analysing angular distribu-
tion. We use the Drell-Yan model with the P distribution described before
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After the Moriond meeting, we found that the contribution of non continuum
events, which is small when integrated over angular variables (less than 1 %),
turn out to have a very different behaviour in cos6. For example, the same sign
dimuons are concentrated at large cos6, and this indicates that opposite sign
dimuons due to m decays,... (i.e same origin as same sign dimuons) are also at
large cosf, and we must substract these events before analysing angular distribu-
tions. Two other effects were taken into account : reinteraction in the target
(cut at a positive Xp to eliminate most of these events) and contamination from badly
reconstructed y produced in the hydrogen target (cut at mass greater than 4.5 GeV).
The main effect of these corrections is a decrease of the value of X of ~ .2 as

compared with the values we have presented at the Moriond meeting.

We determine 3 coefficients of the angular distribution :
w(e,¢) a (l+cosze) + A sin26 + B sin20 cosp + C sin26 cos2¢ and we present
1-A

the results in terms of A (= E;;p, B and C as functions of some parameters.

@) Influence of P,
First, we look at the effect of PT, this variable being the source of the

reference axis problem. In the CS frame, and for values of x, not too small nor too

1
large (.4 < xl < .8), we obtain the following results
Table 4
I .
Dependance in PT of the angular distribution
coefficients in the Collins-Soper frame
PT A B c

0-.5 .81 + .28 - .11 + .13 .27 £ .19
.5 - 1. .89 £ .20 - .05 = .06 .07 = .07
1. - 1.5 .87 = .22 - .15 + .07 .02 £ .06
1.5 - 2. .70 £ .30 - .15 + .10 .27 £ .09
2. - 3. 1.03 = .45 - .51+ .13 .27 £ .11

As PT increases, B and C terms become important. This may be related to the
choice of the reference frame. In order to investigate this point, we look for the

influence of PT/M in various frames.
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e) Influence of P /M

Fig. 9 shows the variation of A, B and C with PT/M in the CS frame. Curves

are eye-fits for B and C, using linear (for B) ang quadratic (for C) dependance.
D,

P
We obtain B = (- .6 .2) —Land C = (1.5 & .5) b+ For A, we use the relation
A = 2C, together with the parametrization of C to obtain the curve in the figure.
Agreement is satisfactory. Note that the value of A is sensitive to systematic

effects as explained before.

In the Gottfried-Jackson frame,_the same type of pa;?metrization gives the
following values : B = (- 1.4 £ .2) ?F-and CcC = (2 £ .5) ;%» this means that tge
¢ terms are mor;zimportant. In the u-channel frame, the values are now Bﬁ(Ot.2)T§
and C = (1l%.5) —% . This means than the u-channel frame is probably the best frame

to describe angular distributions in m nucleon interactions.

£) Influence of x,

We now look at possible variations with xl, and we give results for two P
regions. Results obtained in the u-channel axis are shown in fig. 10. We don't see
any significant variation with xl, but we are not very sensitive to small (v .3)

changes in the value of A.

7. CONCLUSION

Drell-Yan predictions have been tested successfully inour experiment, in
particular
- The cross-section on nucleons is linear with A : o = 1.00 + .02
- The charge asymmetry is clearly visible in the n+/n_ ratio
- Scaling is compatible with our data, within systematic errors

- The angular distribution is compatible with 1 + cos?8,

But when looking in detail, the angular distributions are more complex, and
show variations with ?%7 depending on the choice of the reference frame. The
u-channel frame seems to be the '"cleanest" frame, because there are no cos .o terms.
and the sin28 cos2¢ term is of the order of (1 * .5) Ei .

M2

Transverse momentum is larger than expected by the simple model, and also
cross section is larger than predicted (K factor). This may be related to QCD
corrections, as discussed in detail during this meeting. (See S. Weisz and

J. Badier talk for our results on these points).
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FIGURE CAPTIONS

Fig. 1 : Hydrogen to platinum cross section ratio (per nucleon).

Curves are the Drell-Yan model predictions. m at 150 GeV.

Fig. 2 : Hydrogen to platinum cross section ratio (per_nucleon).
Curves are the Drell-Yan model predictions. m at 280 GeV.

Fig. 3 : Hydrogen to platinum cross section ratio for y production as function
of transverse momentum.
. + - . . .
Fig. 4 : m to m cross section ratio as function of the mass.
Curves are the Drell-Yan model predictions.

: . . . . do
Fig. 5 : Ratio of the invariant cross section M3 M at 150 GeV compared to
280 GeV. Resonances regions are indicated. Systematic error is indi-
cated on the vertical axis.

Fig. 6 : iL-é%— parametrization compared to data for our 3 energies.
T T

Fig. 7 : Definition of angle and axis in the dimuon rest frame.

Fig. 8 : Acceptance and data for cos 6 distribution. Collins-Soper frame,
150 Gev.

Fig. 9 : Dependance with PT/M of the angular distribution parameters in the
Collins-Soper frame at 150 GeV. Curves are described in the text.

Fig. 10 : Dependance with x, of the angular distribution parameters in u-channel

frame at 150 GeV.

REFERENCES

1. CERN! - Collége de France? - Ecole Polytechnique3 - OrsayH - Saclay5

Collaboration.

J. Badiera, J. Boucrot“, J. Bourotte3, G. Burguns, 0. Callot“, P. Charpentiers,
M. Crozonz, D. Décamp”, P. Delpierrez, A. Diopz, R. Dubé“, P. Espigatz,

B. Gaudoiss, R. Hagelbergl, M. Hansroull, Y. Karyotakis“, W. Kienzle-,

A. Lafontaines, P. Le Dﬁs, J. Lefran ois“, T. Lerayz, J. Maillardz,

G. Matthiael, A. Michelinil, P. Miné~”, H. Nguyen-Ngoc“, G. Rahal”,

0. Runolfsonl, P. Siegrists, A. Tilquinz, J. Timmermans-, R. Vanderhaghena,

J. valentin? and S. Weisz3.

2. J. Badier et al., Nucl. Instr. and Meth. 175, 319 (1980).
3. J. Boucrot et al., Nucl. Instr. and Meth. 174, 379 (1980)

4. J. Badier et al., Phys. Lett. 93B, 354 (1980).
See also S. Weisz contribution in this proceedings.



ANTIPROTON CROSS SECTION FOR DIMUON PRODUCTION
AND DETERMINATION OF THE MESON STRUCTURE FUNCTIONS
NA3 Collaboration

presented by S. WEISZ

Physique Nucléaire des Hautes Energies

Ecole Polytechnique 91128 PALAISEAU France

ABSRACT

The NA3 spectrometer has collected dimuon events with incident pions,
kaons and nucleons of 150 GeV/c and 200 GeV/c.

We observe cross section significantly larger than what is expected from non
perturbative Drell-Yan calculation : this result is unambigous in the case
of our anti-proton data, as we know the nucleon structure functions from
deep inelastic scattering experiments. We also present a determination of

the mesons structure functions.
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INTRODUCTION

The analysis presented here has two levels
the coherence between dimuon and deep inelastic scattering measurementsusing
our anti-proton and proton data ; the second step is to extract the mesons

structure functions.

THE DATA SAMPLE

A description of the NA3 Spectrometer can be found in ref.(2). We
just remind in table I the statistics collected on a platinum target for

various projectiles.

Table I : Statistics for MU]F[A.I,S.S]

the first step is to show

150 GeV/c 200 GeV/c
T 4970 21600
K 90 688
P 32 275
wt 1750
K 170
*
P 1070 35

Measuring the mass and longitudinal momentum of a dimuon, we define the Xl

and X2 variables :

X, X, = Mz/s
1 %2 .
X - Xy = 2P, /s

Fig. I shows the X1 - X2 plane : we see that for masses between 4.1 and

8.5 GeV/c, we explore a region leaning from XF = ~.3 up to the kinematical

limit.

*
These 35 events are obtained with an integrated proton luminosity compara-
ble to the one we have for anti-proton at the same energy. It correspond

to 2 days of data-taking instead of 70 days in the ; case.
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THE MODEL

The Drell-Yan (3) formulae can be written as :

W 2

. T

4o _% ; 4 (ePx) £7(X) + £5.0x,) £r(x.)]
. 171 172 | 72
axdx, 3 i 420 I
x%x
1 %
i p(T)

where Uo = % T az, and 3 hold for color. fi(X) represent the density of the

““parton i in the projectile (target).

The deep inelastic scattering experiments have measured these structure fun-
ctions for the nucleons, and we take their results as an input to our analy-
sis : we assume a Buras—Gaemers (4) parametrisation, giving for the proton

valence structure function :
Oy
F®m o« x' @a-x"

with o = a, 0 *as ; Bv = Bvo +bs

Log Q°/n2

S = Log
Log Qg//\2

which is a good approximation to the Q2 dependance predicted by the Altarelli-

Parisi (5) evolution equation.

Within our mass range, we can estimate the effect of scaling violation
to be £10% on Bv and £57 on o, ¢ this is small and well beyond our sta;isti—
cal precision. We futhermore take structure functions independant of Q°,
obtained at Q2 = 20, our average squared mass.

The CDHS collaboration (6) gives for XFy, at Q2 = 20, the exponents:

o, = 0.51 * 0.02 Bv = 3.03 + 0.09
In fact, we need an expression for the Up and Down distributions. We
then have to introduce the relations
*exXta -0
F o« £d(1 - X) Ba

with Qg = 0 and Bd = Bu + 1

We now write for the moments M(n) =an_2f (X)dX the relations

Mv(n) = Mu(n) + Md(n) for n = 2, 3 assuming the sum rules

/l o x) dx = 2 ; /lDP(x)dx=1
X X
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= £ 0.
We then get o 0.52 £0.02 3)
B =12.80 *0.10

ANTIPROTON EVENTS
From relation (1), we observe that only valence structure functions con-

tribute to the difference between anti-proton and proton cross section :

®) g2 d%c o .
= =0 —s— £ (x)) 35(xy)

pN 3 9 x

dxldx2 PN dxldx2

where £(x;) = 4 U (x)) + DP(xl)
g(xz) = .4 UP(xz) + .6 DP(XZ)

on platinum target nucleon (Z/A = .4).

Relation (4) becomes, in terms of number of events :
1

(5)
1 1 dN 1 [ o
— P — -— - 2o, . £(xp) 8(x,)
- - 2.2 1 2
Alxy, x,5) P dx,dx, [pN fp dx,dx, |pN 3 9% 1%,

where A(xl, xz) is the acceptance andofthe luminosity.

We define experimentally F(xl) as
1 f dn - 1 de
on dx dx, |pN Lp dx,dx,

9o (8(x2)
Il B S b xp) dx,
7x1 x2

dx2

pN

F(xl) =

* We neglect a .2 DP(xl). [UP(XZ) - DP(xz)] term coming from a non isoscalar

target. For realistic values of UP/I:P, its contribution is less than 27 of

expression (4).

e e e



We would expect F(xl) = f(xl)

Figure II shows F(xl) obtained at 150 GeV/c : we see that the agree-
ment in shape is good, but that the measured cross section is twice higher than
expected by the Drell-Yan model.

We then define a K factor as

K = Number of observed events

Number o f D-Y predicted events

its numerical value is

We can project our data over Xy in the same way we did for X with
F(xl) : this is shown on figure III. Figure IV gives the mass distribution

compared to the model.

To conclude, we would say that the cross sections factorise as
expressed in relation (5), and that we do not observe any deviation from

K = 2.3 with respect of xl, x, or the mass of the dimuon.

MESONS STRUCTURE FUNCTIONS

Relation (1) again tells us that the difference of the cross sections
with incident T and 7 should factorise :
(6)

m

= VoG 0 (e + 207 (xp))

dxldx2

N =9 1 ,_%77_
3 9 XX,

a dxldx2 at

This fact is well suported by our data, and this encourage us to determine the
pion structure functions.
We use the folowing parametrisation :
ﬂ Oy v . 1 it
Valence : V (x) « x =~ (1 - x) with = fv (x) ax = 1

Sea 18T « (1 -x) ° SU(3) symetric with 2<U>+<S>= .5

(507 of momentun carried by gluon)
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A fit on the shape of the distribution then gives for the pion @

o = J45 %+ .1
v
= 1. L |
200 GeV/c Bv 1.04
B =5.4 *2.0

We only have m data at 150 GeV/c, and we have to introduce the pion

sea measured at 200 GeV/c. We then get

o, = .40 £ 1
150 GeV
50 Gev/e Bv = .90 * .]

To plot the results in one dimension, we use the following projec—
tion method :

we write the Drell-Yan cross section as :

2
4% o L 1 e, + s"(x,) Hixy)
dx.d 3 9 22 1 2 1 2
Xdxy %y
P _
with  G(xp) = 1.6 U (x,) + 2.4 DP(x)) + 58°(xp) : m
P
G(xy) = .6 UP(xZ) + .4 Dp(xz) + 58 (x,) : at
P P P +
H(xz) =2.20U (XZ) +2.8D (x2) + 1158 (x2) T

The distribution of events along Xy is of the form :

N
W oog gL W) 1+ 5Ty 3]
dx 3 9 x
1 1
where I(x)) = /;—;— A(xl,xz) G(x,) dx,
2

J(x) =/% A(xl,xz) H(x,) dx,
*2
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We define F(xl), directly connected to the data through relation (7):

(8) J(xl)
Flx) = K VG +
I(xl)

F(xl) is plotted on figure Va : We again have a K factor close to 2 at

s"(x))]

150 GEV/c and 200 GeV/c incident energies. Projection on the X, axis are

plotted on figure Vb.

The K and T induced dimuons are collected simultanously, so we
have very little systematic errors on their ratio (see ref. 7). For x1>.2,
we can neglect terms which are not valence-valence annihilatiion up to an

accuracy of 107, inside our satistical fluctuation. We then write :

9 -
) Uk

Gp L, avdax |

-
U (Xl) ng dN/dxl \“

Our data are plotted on figure VI : they are well represented by the form

K
U (xp) .07

= =a-xtt
u (xl)

We give comparison with prediction from different model (8-10)

CONCLUSION

We first studied the difference between anti-proton and proton cross
sections : we have seen that it factorise as predicted by the Drell-Yan model,
but that the total yield of events is a factor K = 2.3 * .4 higher than expected.

We then turned to the meson data : the difference between m and ﬂ+
cross sections also factorise according to the model. The determination of the
pion structure function was o 8

Vi) « xTa-x"

8
s"(x) « a-x°



with : 200 GeV/c 150 GeV/c
ocv=.45+.1 ocv=,4 .1
B, =1.04 * .1 B, = .90 % .1
B, =5.4 £2.0
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FIGURE CAPTIONS

I X,"X

17X, scatter plot for T events at 200 GeV/c

II Valence structure function F(xl) of the nucleon as determined by the anti-
proton data after subtraction of the corresponding proton data at 150 GeV.
Data points are compared to the prediction of the Drell-Yan model based on

the CDHS determination of the valence nucleon structure functions.

III) Same as fig. II for the X, axis

M3 d9 versus VT = My
dM |x>0 s

dotted line correspond to the Drell-Yan prediction

1v)

V) a : the data points represent F(xl) as defined by eq (8)
b : FN(xz) defined as
J(x,) ?
F(x,)=K[(1.6 U (x )+2.4 D° (x,))—2 (2.20F (x,)+2.80" (x,)+115% (x, )]
N2 ] 22 2 2 2
2

m

1

where  I(x,) = /?— A(xl’XZ) v (xl)dxl
1

1 m
J(xz) = ;7— A(xl,xz) S (xl)dx1
1

dashed curves represent the valence distribution solid curves repre-
sent the (valence + sea) distribution.

The curves have been scaled up by a factor K :

2.25 at 150 GeV/c
2.4 at 200 GeV/c

1]

VI) The datapoints represent :

dN
dfw dx1 K
ZT as defined by eq.(9)
K ———
dxl m
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The dashed curves represent the limits of this ration using GK/aw and

SK/EK from ref.(8). The upper (lower) curve corresponds to A = 1/8(A=1/2)

The dotted and solid curves represent BK/En ratio from ref.(9} and (10)
respectively. For Ref. (9), one should use a¢= 0.17 instead of O.

(0. Napoly private communication).
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F(Xl) =4y (Xl) + D (xl)
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HADRONIC y PRODUCTION IN THE NA3 EXPERIMENT

NA3 COLLABORATION [1]

Presented by Ph. Charpentier
DPhPE/SEE, CEN-Saclay

ABSTRACT

Some qualitative and quantitative results on Y hadronic production in the
NA3 experiment are reported here. Only spots are given on each item. More pre-
cise results as well as quantitative comparisons with models are under study.
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1) INTRODUCTION

In the same experiment used to measure and study extensively the
Drell-Yan continuum (2,3], a large amount of } events have been
collected, which are studied in order to extract more information about the

¥ hadroproduction mechanism.

Data have been obtained with 5 different beams : *150 GeV, *200 GeV
and =280 GeV/c.

Particle identification at 150 and 200 GeV/c allows us to study ¥
production by pions, kaons and protons (or antiprotons) on both our targets

(hydrogen and platinum).

This variety of energies, beam particles and targets gives us a total

¥
of 26 different data sets with very high statistics for n~ and protoms.

The statistics for each data set is given in table 1 and an idea of

how a mass spectrum of ¥'s looks like can be seen in fig.l

TABLE 1
TARGET H, Pt
Beam Beam L K P L K P
energy part.
+ 234 20 150 10 000 550 5 470
150
- 118 300 | 680 300 740 700 29 900 | 11 900
+| 2 860 | 420 2 890 142 740 19 530 | 131 850
200
-1 3580 56 16 172 750 3 200 1 220
280 - |20 100 / / 516 600 / /

Statistics of y events




T T T T . T y T
2) RESULTS
—_— 4000f B
We present here only the guide T 150 GeV/c
lines of some of the studies which E 3000k A
have been undertaken on these data, Q
refering the reader to ref.{4] to [13] ¢
H
for theoretical aspects of hadronic ¢y w 2°%°F b
production.
1000} J
A)  Nucleus dependence
From our simultaneous use of H, o n . L L L )
24 2.8 3.2 36

and Pt targets, we get directly the M
RR

nuclear effects. Assuming a A® power

law the results are given in table 2. Fig. 1 : u*u' mass spectrum around the

Y mass for ™ at 150 GeV/e.

TABLE 2
Energy of = (GeV/c) a
150 0.935 * 0.025
200 0.95 % 0.03
280 0.935 * 0.025

These values of a are averaged over X, > 0 and the whole Pt range.
Figures 2a and 2b show however that « varies considerably as a function

of Pt and X .
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The Pt dependence of a is an effect which is well known for all hadron
production mechanisms on nuclei [15]. The quantitative effect is directly
related to the y-nucleon cross section which can be extracted from both
the shape and the magnitude of the Pt distribution. The average value of
a = 0.94 is not incompatible with measurements of ¥-N cross section

by photoproduction experiments [16] (<7wN = 3.5 mb).

The x, dependence has however to be explained. The Fermi motion could

have some effect, through the s—dependence of the cross section at large

X Quantitative estimations of this effect are under study.

o
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Fig. 2a + b : & as a function of x, and Pt for m at 150 GeV/e.
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. . +
We can compare directly our data with w

Incident particles

and

our targets, in the following way. Let us define

o(n'H, » ¥)  o(n H, + V)

u(n+Pt + §) oln Pt + ¢)
- 0.4 + 0.6r h

0.6 +0.4r Vere

.
= o{m p + )

a(np + V)

" by using both

From the measured value of R, one can extract r and the ratio of the

cross section on platinum with small errors, as the acceptance and the

normalisation do not account. Our results are as follows

R

T

a(n Pt)

n

150 GeV/c

0.95%0.06%0.04
+

0.9340.0710.04
+

= 1.01%0.02

o(n Pt)

a(x Pt)

200 GeV/c

[}

R = 0.9710.0340.04

+
0.9640.0410.04
+

= 1.01#0.01

r =

a(x Pt)

We use the value a(n_Pt)/u(ﬂ+Pt) = 1.0 for comparing positive and negative

beams.

Table 3 gives the ratio of the cross section for x

" >0 at 150 and 200 GeV/c.

TABLE 3
Ratio -, + O +, + + -
Pponsy /n K /n K'/n p/n p/p
150 GeV/c 1.00%0.02 0.97+0.06 1.15#0.12 0.4410.05 2.02#0.31
200 GeV/c 1.01+0.01 1.08%0.10 0.78%0.08 0.5410.06 1.5740.20

Ratio of ¥ production cross section
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By comparing p and E total cross section, one can compute the fraction of

V's produced by qa fusion, since this is the only difference.

At 150 GeV/c 50% of V¥'s are produced by valence aq fusions in ;-nucleus
interaction. Taking into account the effects of the sea, one can calculate
that 63%10% of the ¢'s are produced by aq fusion. In p-nucleus
interactions, around 70% are produced by gluon-gluon fusion, since only 30%

are due to qq fusion (sea-valence and valence-sea).

Quantitative results on a comparison of differential cross sections for
different incident particles at various energies are under study [14], and
one can hope that they will give some information about aq‘w and gg-y

couplings and gluon contents of the hadronms.

c) Production cross section

Table 4 gives the results of the total production cross section per
. . . . . + -
platinum nucleus (times the branching ratio of ¥ into u u ) for the

pions at our three energies.

TABLE 4
Energy of 7 (GeV/c) a(x" > 0)
150 850 + 110 nb
200 1055 * 130 nb
280 1250 * 120 nb

Cross section for Y production by pions at x; > 0, per

platinum nucleus (A = 195).

3) CONCLUSIONS

By studying high statistics of y's produced by different hadrons at
various energies on H, and platinum targets, we have got evidence for
¥ production via aq fusion, and we determined with a good precision the

a power of the A-dependence.

Further results will become available in a few months.
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TRANSVERSE MOMENTUM OF DILEPTONS

NA3 Collaboration
Presented by J. BADIER
Physique Nucléaire des Hautes Energies

Ecole Polytechnique 91128 PALAISEAU France

ABSTRACT

Transverse momentum produced by T et 150, 200 and 280 GeV are compared

with QCD predictions.

RESUME
Les impulsions transverses de dimuons produits par des T de 150, 200

et 280 GeV, sont comparées aux prédictions de CDQ.
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Incident ™ of 150 GeV, 200 GeV and 280 GeV producing muon pairs on
a platinum target were studied in the NA3 spectrometer. The distribution of
the transverse momentum P, is expected to be described by the convolution of
two functions : the first one is the distribution of the quark intrinsic
momentum kt ; the second is deduced from QCD calculations. In terms of mean
squared values, one has
2

2 2
< > = < > < >
Py ke? ¥ P gep

Without scaling violations, one expects

2 _ oMl
<Pt>QCD =5 f(t,y), T = M7/S

y is the rapidity and M the mass of the dimuon.

<Pt2> Gev?
2. L
| 4+ ”——‘—
el ve—
-’.
s
1.5 L
NS e
e 280
v 200
s 150 T
1,
.05 -1 .15

Fig. 1 : <p:> versus T = HZ/S



2. . . . .
The T dependance of <pt> is presented in figure 1, after integration
over y in the range [-.3, 1.1). The quoted errors are statistical only, but
systematic effects of the order of .l GeV2 have to be added. They are essen-

tially induced by the beam spread in the target. The data are consistent
with the expected form :

<p§> = .85+ ST (1)

In figure 2, one has platted the quantity : (<pi> - .85)/S. A com-
parison with QCD calculations may be performed. One calls Opy the cross
section corresponding to the graph :

I~a o

<> - .85
S
.0025| 280 i
. v 200
Fig. 2 = 150

Experimental measurement
compared to QCD

calculations.

.002

.0015
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. . do . s
It is possible to calculate dol corresponding to the first order

2
in a,. It involves external gluons dpt
as in the graphs :
X
a 4 o o
annihilation Compton

In 7 interactions, the annihilation term is predominant contrary to

the proton case. The total cross section is related to Oy by the K factorz)
%ot - ¥ %py
Then, at the first order in os :
dol
2 — .2
P 2 dp
SN =_/: ap? Pt
£°QCD = T————
K ODY
In order to take into account scaling violation, one has choosen :
2
a = 12 m/25 Log Q+4QY)
The quarks structure functions are dedu~ed from deep inelastic 3 and Drell-
Yan 4,5) experiments :
Proton : Pion :
= a B o - ] ' a'
u=2A (a,B) x (1-x)° + u u=d=A>0",B"Yx +u
_ o B+1 - - . n'
d = A(a,B+1) x (1-x) +d u = d=2A=2A=A"(1~x)
u=4d=2\=2%=2a0-0" a'= .5- .18
o =.52- .16 § B'= 1. + .75
B =2.79 + .77 § A' = .12+ .75
A= .26+ .185 n' = 5.
n=7.80-.788§
2
S = Log _Log 4 Q° A(0,B) = Ta+rBr D

Log 80 T'@T(@®+1
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The smaller contribution due to the compton-graphs is computed
with gluon structure functions of the form : Ag(l—x)ng, with :
Ag = 3.49 + 4.1 §, ng = 5.75 + 7.5 S for the nucleon and Ag = 2., ng = 3.
for the pion.

The results of the calculation are displayed in figure 2, where
<pi>QCD is multiply bgcfhe K factor. The confrontation with experimental
values suggests that — has to be corrected by a factor greater than this
K factor.. dpt Furthermore, the QCD estimations decrease with

T, whereas experimental values increase. In conclusion, one has :

2 dol L2 2 do, 4 2
ﬁt 2 dpt+fpt‘7 de,
dp dpt

2 2 t
< >= < >
p= <k
K oy
. 2
with <kT> = .85+ .1
do
ooy dol
dp? dp?
Py Pe

do

——% represents all the contributions which have to be added to the first
dpt

order of QCD.

In figure 3, <pi> is displayed as a function of y, after integration over

T, in the range [.06, .14]. Shapes agree with theoretical ones resulting

essentially from phase space. 2 2

<p.,> GeV
t

e 280

v 200

2‘ a ‘50

3

<pt> versus center of * *
L]

mass rapidity
1.5 [
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DIMUON PRODUCTION IN A BEAM DUMP DETECTOR
BY 400 GeV PROTONS

Paul M. Mockett
Department of Physics, FM-15
University of Washington, Seattle, Washington USA 98195

Abstract: Results from 225,000 dimuon events with mass above 6 GeV obtained in
a beam dump detector are presented. The sea quark structure functions are
determined from the mass spectrum and are found to be a factor of 1.6%0.3 larger
than those obtained from inelastic neutrino scattering. A test of the Drell-
Yan model over the Feynman x, xg, range of -0.2 to 1.0 is made for masses up

to 14 GeV. The xp dependence of the Upsilon family production cross section is
given. Also presented is the average Pt of the dimuon pairs versus xp and the

mass. A small increase with mass is indicated, but no significant decrease with
Xp is found.
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1. Introduction*

The results of the MNTW** collaboration presented in this talk are based
on data taken at Fermilab in the spring of 1978. The first data obtained in this
experiment were taken at the time of the discovery of the Upsilon family by the
CFS group.]) Confirmation of this meson family was first reported by the MNTW
group in D. A. Garelick et a].z) Approximately 225,000 dimuon pairs with mass
above 6 GeV were recorded. These were produced by 400 GeV/c protons on a tung-
sten target. About 15,000 events in ‘the Upsilon family were contained in this
sample.

The experimental technique employed can be characterized as a beam dump
detector. The advantages of this device are: (1) a high rate capability of up to
10]2 protons per pulse; (2) a large overall acceptance of approximately 6% and
all Feynman x greater than -0.2; (3) a multi-muon detection capability where
three or more muons might be seen, for example, if naked charm or bare bottom
mesons were produced in coincidence with the J/y or T resonances. The detector
could also have recorded low mass pairs produced at large Pt had we realized the
importance of studying this process at that time.

The disadvantages of the device are: (1) a poor mass resolution of about
7.5%; (2) a contamination from dimuons produced by secondary hadrons in the long
target and dump. As an aside we note that an air gap magnet placed downstream
of the dump would have enabled this technique to obtain a mass resolution of
about 2% at large mass. The Northeastern Group component of this collaboration
is proposing to do this in Fermilab Experiment P645.

In this paper we will report on (1) the sea quark structure functions as
determined from our dimuon spectrum and K factor; (2) a test of the Drell-Yan
model; (3) the Feynman x dependence of the ratio of the Upsilon production to
that of the continuum; (4) the average Pt dependence of the dimuon pairs as a
function of both Feynman x and dimuon mass.

2. The Detector

Our apparatus is shown in Fig. 1. A 400 GeV/c proton beam is incident
from the left and impinges on a 32 cm tungsten target. The target is placed

* This work was supported by the National Science Foundation and the Depart-
ment of Energy.

** The institutions involved in this collaboration are University of Michigan,
Northeastern University, Tufts University, and the University of Washington.
The collaborators were S. Childress, D. A. Garelick, P. S. Gauthier,

M. J. Glaubman, H. R. Gustafson, L. W. Jones, H. Jonstad, M. J. Longo,

M. L. Mallary, P. M. Mockett, J. Moromisato, W. P. Oliver, E. Pothier, T. J.
Roberts, J. P. Rutherfoord, S. R. Smith, E. von Goeler, M. R. Whalley, and
R. W. Williams.



Multi Muon Detector Schematic

Solid Iron Magnets

lron Absorbers

BEAM

Wedge Counters

MwprC's [
Hodoscopes

Fig. 1. Beam Dump Detector Schematic. The 400 GeV/c proton beam is incident
from the left and impinges on a 32 cm tungsten target. The 5.5m of solid iron
magnets have a horizontal field of 2.15T.

TOP VIEW SIDE VIEW
RUN 533 EVENT T KTYP= 3

MASS 17,21

Fig. 2. Typical High Mass Event. The hodoscope and PWC hits of a 17 GeV mass
dimuon event are shown along with the reconstructed trajectories.
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next to the first dump magnet so that background from pion decays is minimized.
The 5.5m of b&am dump magnets carry a horizontal field of 2.15T and also serve
as the analysis magnets.

Following the iron is the dimuon detector. It is composed of two mirror-
image arms whose opening angle can be adjusted for different running conditions.
Most of the running was taken with the arms making a minimum angle of 18 mr with
respect to the target. Each arm begins with two planes of trigger hodoscopes
which give the horizontal and vertical position of muons traversing the magnets.
These hodoscopes are followed by 9 planes of proportional wire chambers grouped
into three sets. Each set is separated by a 7-inch slab of iron to prevent
showers produced near the end of the magnet from penetrating all the planes.
Following the proportional wire chambers is another set of horizontal and verti-
cal trigger hodoscopes.

Following these hodoscopes is a final set of vertical hodoscopes which
were used to restrict the triggers to the highest mass. These formed a wedge-
shaped pattern and were used in the trigger to replace the inner back vertical
hodoscopes that they overlapped. The bulk of our high mass data was obtained
with this requirement. The fast trigger required hits in the four planes of
hodoscopes in each arm. The latched hodoscope hits were then viewed by a matrix
logic unit based on the memory chip developed by Brookhaven National Laboratory.
This matrix logic imposed a higher momentum cut than was produced by the accept-
ance of the magnets and hodoscopes, and it required the dimuon trajectories to
point back to the target in the non-bend plane. If these requirements were not
satisfied the event was aborted. The trigger was very clean and approximately
70% of our triggers were reconstructed to give good dimuon pairs. A typical high
mass event is shown schematically in Fig. 2. The hits in the PWC's and the
hodoscopes are shown, along with the reconstructed muon trajectories.

3. Acceptance and Systematics.

As a check on background produced by random dimuon coincidences, a scaled
sample of events with one arm delayed by two rf buckets with respect to the
other was also recorded. These could be compared with the 1ike sign events
taken along with the opposite sign events. To make the comparison precise, one
of the 1ike sign events was reflected in the horizontal mid-plane before
calculating the mass. This corrects for the difference of the acceptance of the
opposite and Tike sign pairs. The reflected 1ike sign data, along with the
opposite sign raw data for the high mass trigger is shown in Fig. 3. As can be
seen, the background from accidentals is typically 1% or less in the high mass
region.

In Fig. 4 we show the acceptance of the apparatus as a function of q2
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Fig. 4. Apparatus Acceptance. The acceptance of the apparatus
is shown for Bjorken x and q4. Also noted are the acceptances
of the deep inelastic Tepton scattering experiments in the
space-like region and the CFS acceptance at 400 GeV. The
dashed boundary is the Timit of useful statistics.
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versus Bjorken x of the partons. The dashed boundary is not a geometrical cut-
off but is determined by the 1imit of useful statistics. Also noted is the
region covered by the CFS group at 400 GeV and by the deep inelastic lepton
scattering experiments in the space-1like domain.

In order to correct the data for the systematics of the apparatus accept-
ance and the interaction of muons in iron, a Monte Carlo program was used that
simulated the effects, including the fluctuations, of multiple scattering,
knock-on electrons, bremmstrahlung, pair production and finite radiative
corrections.3) The finite resolution of the PWC's was also included.

In Fig. 5 we show the corrected dimuon mass spectrum for dimuon events
with Feynman x from 0 to 0.2. The three curves labeled (a), (b), and (c) are
acceptance functions for the different triggers used and reference the scale
at the right. For (a) the two arms were together, for (b) the two arms were
separated by 18 mr and for (c) the high mass wedge counter trigger was satis-
fied as well as the matrix logic conditions. These acceptances are affected by
the geometry as well as the resolution because muon pairs can scatter into the
acceptance. The dimuon spectra resulting from the three different triggers
after correction agreed to better than 5% in the two regions of overlap. A
small correction for random coincidences has been made from the like-sign pairs
u+u++u_u_ and for muons produced by pions in the target. The inset shows the
events in the Upsilon region on a linear scale after a subtraction of the
continuum is made. The shape agrees very well with our Monte Carlo results.

4. Sea Quark Distribution.

To find the sea quark distribution we use the events from the region
shown in Fig. 6. These are the events shown in Fig. 5 above 5 GeV in mass and
excluding the Upsilon region. Using the value of Fg(x,qz) found in deep in-
elastic lepton scattering /, we fit our spectrum with the function

€ B (xg 567 () )+C,5 (7 )FB (x4 ) 4511 )5 x,)

where C], C2 and C3 are known functions of X and X, and S(x) specifies the sea
quark distribution. We have used the parameterization of Fg given by T. Kirk.s)
For the q2 evolution we have assumed that q2 = m2 where m is the dimuon mass,
and have ignored the sign change. Fg was obtained from the SLAC deep inelastic
electron scattering / and we have assumed that F;/Fg = .807 - .535x is independ-
ent of qz.

The U d, s and s sea quark distributions have been parameterized in two
ways:

A. symmetric sea: xd = xu = 2xs = 2xs = a(]-x)b
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Fig. 5. Dimuon Production Cross Section. This shows the
dimuon cross section for events in the region of

0<x;:<0.2 versus mass, q. Mass dependent systematic
errors are indicated by the spread in the fitted curve
and are in addition to an 11% overall error. The fit is
the result of the asymmetric sea determination. The
curves labeled (a), (b), and (c) are the acceptances for
the three triggers used and reference the scale to the
right.

o
@
1

Fig. 6. Sea Quark Fit. x, and xp are the Bjorken

x values of the beam and tArget partons, respectively.
The shaded area is the region from which the sea quark
distributions were determined.
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B. Asymmetric sea: xd =.a(1-
xu + (1-
Xs = XS = (xu+xd)/4

x)®
%)2-5¢

A11 higher mass quark flavors are neglected. The asymmetric form is suggested
by the results of the CFS group.7)

The results of a best fit to the data in Fig. 6 for the parameters a and
b are given in the following table.

A B
a .46+.03+.06 .50+.03+.06
b 8.2+.2+.3 7.4+.2+.3

where the first error is statistical and the second an estimate of the systema-
tics. In Fig. 5, the solid curve is the fit using the asymmetric sea and has
a chi-square of 35 for 35 degrees of freedom. The broadening of the curve is a
measure of the systematics. These are largely due to the uncertainty of the
extent of the dimuon production from secondary particles. There is also an
overall 11% uncertainty in the normalization of our data.

We emphasize that the q2 dependence of the sea cannot be obtained from
this fit, since each point, x, for the sea quark distribution is essentially
measured at a single value of q2. If the sea quark distributions are compared
with those obtained by the CDHS co]]aborationa) (although these were at lower
7%
This ratio is customarily called the K factor, and is somewhat smaller than
that obtained from the pion data,g) but the difference may be due to scale

, we find a larger value by a factor of 1.6+0.3 in the region of overlap.

breaking.

5. Test of Drell-Yan

Having obtained these sea quark distributions we can then compare the
predictions of the Drell-Yan model with the cross section observed in the
remainder of phase space detected by our apparatus. To systematically note the
edge of phase space we use the variable x; = xF/(1-r) where 1 = mz/s. That is,
Feynman x is scaled by the maximum possible value for a given mass. In Fig. 7
we show on a linear scale the cross section prediction of the Drell-Yan model
vs. x; (compared with the data) for dimuon masses in thF region of 11.5 GeV. The
normalization of the curve comes from the fit in the Xp region of .0 to 0.2
and the shape depends upon the Drell-Yan model. In Fig. 8 we show the results
on a logarithmic scale for 5 different mass bins. The curves show excellent
agreement with the data. The chi-square per degree of freedom are as follows:



DATA FILE: RKI:MORMDT.SO7 [1f.,13.]
9.80F-07

~ <D = 11.5 8V

0.00 ———— T : :
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Fig. 7. Test of Drell-Yan. This shows a
comparison of the cross section predicted by
the Drell-Yan model and our data in the 11.5
GeV mass region. The sea quark distribution
was obtained from the asymmetric fit. The
dotted curve is a measure of our systematic

uncertainty.
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Fig. 8. Test of Drell-Yan. This shows a comparison of the
Drell-Yan model predictions for five different mass bjns with
our data. The lack of events at low mass and large XE

is due to limited statistics.
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mass chi-square degree of freedom
5.7 GeV 93.5 30

7.2 73.7 36

8.2 116.5 4

11.5 74.5 47
13.7 37.3 46

The cut-off in the data at large x; and Tow mass is due to the poor accept-
ance in this region by the high mass trigger and the limited statistics
obtained with the low mass trigger. The poorer fits at the lower masses could
be due to our parameterization of F2, a K factor variation or scale breaking
in the sea. Scale breaking is expected and could be included to improve the
fit to the data.

6. Upsilon Production

The production mechanism for the resonances observed in hadron production
of dimuons is as yet uncertain and several mechanisms have been suggestedlo).
The ratio of the Upsilon to the continuum as a function of x; is clearly
sensitive to the production mechanism and a ratio avoids errors introduced by
absolute normalization. For example, if the production were mainly due to
quark-antiquark annihilation, then the ratio would be expected to be approxi-
mately constant for different Feynman x values. Small differences in the
behavior of the up and down quark structure functions would prevent the ratio
from being precisely constant. On the other hand, a substantial component of
gluon production would cause the ratio to decrease with Feynman x. Given the
gluon structure function different models can be tested or given a model, the
gluon structure can be constrained. We show the ratio of the Upsilon family to
continuum production vs. x; in Fig. 9.

The ratio plotted in Fig. 9 is given by

R = (do(1)/dxp)/(d%s(C)/dmixy)
in units of GeV. The data has not been corrected for absorption in the tungsten
nucleus, but this is expected to be small. We have also assumed that the decay
angular distribution for the Upsilon family is isotropic. Our results agree
well with the point obtained by the CFS group shown on the plot. The decrease
in the ratio as a function of Xp is characteristic of substantial production by

gluons.
6. Pt Dependence

It is now clear that the Drell-Yan process involves a sizeable amount of
gluon radiation. This radiation may be responsible for a large fraction of the
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transverse momentum carried by the dimuon pairs. In Fig. 10 we show the mean
value of the dimuon Pt as a function of x# for several mass bins. The data
indicate a mean value that is independent of x% and slowly increases with mass.
Hopefully QCD will be able to explain the precise nature of this behavior,

although the predicted decrease in mean Pt with Feynman x is not observed.]])

7. Summary
We can summarize our results as follows: We have obtained sea quark

structure functions similar to those obtained in other processes but with a K
factor of 1.6+0.3. Using the Orell-Yan model, these structure functions are
used to predict the behavior of the cross sections for a large range of mass
and Feynman x. The agreement with our data is very good.

We have found that the ratio of the Upsilon production to continuum de-
creases substantially with Feynman x, which indicates a significant amount of
the production involves gluons.

The average value of Pt for the continuum is found to be large and in-
dependent of Feynman x. The average value does show a small increase with in-
creasing dimuon mass.
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THE STATUS OF CFS

(the Columbia-Fermilab-Stony Brook Collaboration)

Charles N. Brown

Fermilab

Abstract:

Same aspects of the final published E-288 data set are examined. Same
extrapolations and systematics which plague current phenomenology are emphasized.
A description of a planned follow-on experiment, Fermilab E-605, is given.
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It is now two years since we took the last dimuon data with the CFS
apparatus and one year since we finished the final analysis of all the data. The
special calibration runs have been combined with extensive Monte Carlo checks to
camplete the full analysis of the data. Camplete tables of the data, listed in
separate bins in the transverse, longitudinal and mass variables (Pt' Yy, m) are
included in the final publication.l

In the data we have seen presented to this conference, there are usually
correlations between these kinematic quantities which are often forgotten when
spectra are integrated over one variable to give better statistics in some other
variable. I urge phenomenologists who want to critically examine the ensemble of
lepton-pair production data now available to carefully watch for and consider
these correlations.

In my short review of our CFS results today I would like to remind the
audience of one such camplication which makes it difficult to extract a
"K-factor" from our data. I would then like to examine our P, spectra in the
manner that Altarelli and Scott have suggested in preceding talks with the object
of giving some guidance in designing our future experiment, E-605. Finally I
will show the present design plans for E-605.

Contrary to Vannucci's introductory talk at this conference, I do not think
of the Drell-Yan effect as a QCD diagram, but rather as a real physical effect.
Figure 1 schematically shows the yield of dimuon pairs in proton-nucleus
collisions at Fermilab. The vector meson resonances sit on a monotonically
falling continuum of massive dilepton states. We now believe that we can
understand this yield of virtual photons, over most of the ten decades of
cross-section shown, in terms of a simple quark-antiquark annihilation.2 Indeed,
the predictions that follow fram this simple explanation: A-dependance, angular
distribution of the decay, scaling, dimuon-dielectron equality, universality of
the structure functions thus determined, have been investigated and qualitatively
confirmed in the many experiments you have heard fram this week. In proceeding

in the future with further testing of QCD we are now faced with two choices.



Fig. 1. Schematic yield of
dilepton pairs in 400 GeV
proton-nucleus collisions (from
CFS and Chicago-Princeton data
at FNAL) .
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We can try to test the basic
Drell-Yan prediction with much higher
statistics experiments or we can try
to find regions of phase space where
terms other than the Born term
dominant the cross-section.

Let me first address the
question of high-precision tests of
Drell-Yan by considering our CFS
scaling data shown in Figure 2. The
agreement with scaling appears to be
better than the quoted *20%
systematic error and shows almost no
sign of log Q2 scale-breaking
effects. Figure 3 indicates the
magnitude of scale-breaking expected
fraom structure function evolution
calcul::ﬂ:ions.3 Clearly, investigation
of any log Q2 predictions of QCD is
going to require large excursions in
center-of-mass energy to avoid
systematic error problems inherent in

any experiment.
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Figure 4 shows such an attempt to confront scaling over a larger range in
energies by comparing our data to ISR data.4 Since the camparison involves both
an extrapolation to smaller values of /7T and a different reaction, proton-proton
instead of proton-nucleus, the camparison must be made to a curve calculated from
the structure functions derived from the CFS data. Although the agreement is
impressive, the combination of the meager ISR statistics and the extrapolation
preclude any stringent test of log Q2 effects.

Next, one might try to accurately determine the absolute normalization of
the dilepton data. The ratio of the measured cross-section to that predicted
using structure functions determined in deep inelastic lepton scattering
experiments (DIES), the so-called "K-factor", is believed to be a sensitive test
of higher order QCD effects. We choose to make the comwparison in figure S using
the combined ocean structure function q(x) = u(x) + d(x) + s(x) derived from a

fit to our data.
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Fig. 3. Cross section at
the three different beam
energies as predicted by
a QCD calculation of Owens
and Reya (Ref. 3).

Fig. 4. CERN ISR dilepton
data. The solid line is a
Drell-Yan model fit to the
CFS data extrapolated to
the CERN regime.
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Unfortunately both the DIES data and the dilepton data have a bad
correlation of x and 02 as indicated in the figure 5 caption. The overlap in 02
occurs at about x = .15, below the CFS data. Thus the determination of the
"K-factor" involves an extrapolation (with an unknown functional shape) to lower
x for the CFS data, an extrapolation in 02, and a neutrino-antineutrino
subtraction measurement with its inherent systematic problems. The data are
consistent with a K-factor of about 2 but no more accurate statement than this
can honestly be made. I urge you to remember this in other determinations of the
K-factor; the simple ratio of two large data sets is usually campletely daminated
by hidden extrapolations and systematics.

I believe one aspect of our data does confront QCD calculations and can lead
to more fruitful research in the future. Figure 6 shows our data on the yield of
dilepton pairs as a function of the Pt of the pair. The data shows a camplicated

2
behavior; for Pt<l GeV/c the curves look quadratic, i.e. a behavior like e_apt .

I.OF T T T T T T
- 15 < Q2< 30 GeV?

o
a 30<@<60GeV?
o 60<Q®<I20Gev?
X 120 < Q%< 270 GeV?
e CDHS
Afs A HPWFOR —
Fig. 5. Sea distribution for
this experiment campared with
- \ neutrino results. In the
o -6 dilepton data 5here é‘s a
+ | — —| correlation <Q“> 2mx“E and in

the neutrino data_the
correlation is <Q%> 2mxyE. See
Reference 1 for details of the
camparison and fitted curves.
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For P, >2 GeV/c the curves flatten off and became slightly concave indicating a Pt
dependance slower than exponential, a possible sign of power-law dependance.
Clearly, quoting an average value of <Pt> or <Pt2> does not do justice this data;
the cross section may be reflecting different sub-processes in the low and high
P, region.

Kajantie and Raitios; Altarelli, Parisi and Pet::onzio6 ; Be::gex:7 ; and other
theorists spotted these trends in our data and attempted to calculate second
order lepton-production contributions. Briefly, their work involved including
contributions due to the gluon bremstrahlung and gluon Campton scattering
diagrams shown in Figure 7b and 7c respectively. The Campton scattering diagram
especially was found to contribute importantly at high Pt if one assumed that the
constituent quarks in a nucleon had a limited intrinsic transverse mamentum.

Unfortunately the simple calculation of these second order diagrams diverges
at low Pt' Same way must be found to "regularize" the low Pt behavior. A simple
procedure involves folding all the calculations with a simple gaussian intrinsic
transverse mamentum, ey . A straightforward procedure can then be followed to
fit the data to the sum of the five terms shown in Figure 7.

In order to fit our data, we have assumed a univeral shape for the
distribution of gluons in a nucleon, B(l—x)m; a form for the anti-quark
distributions in a proton, d= A(1-x)" and u= A(1-x) r”B; and a Gaussian intrinsic
transverse mamentum spectrum for the constituents, e—aKtz. The valence structure
functions u(x) and d(x) are taken fram existing deep inelastic scattering dat:a.8
Since the second order diagrams involve a gluon-quark vertex, the strong coupling
constant o is also a parameter in the fit.

The convergence of the fit was slow due to a large correlation between the

number of gluons, coefficient B, and the strength of their coupling, o In the

s
final fit the integral of the fractional mamentum carried by the gluons (i.e.

the coefficient B) was fixed at 50%, as seen in deep inelastic scattering. The
data were binned in incident energy (200 GeV, 300 GeV, 400 GeV), dilepton mass

(excluding the upsilon region), dilepton P, and dilepton rapidity y.
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The’876 separate data points were fit very well (x2 per degree of freedom ~ 1)
with the parameters shown in Table I.

The solid curves on Figure 6 are a plot of the calculated fit. The dotted
curve shows the contribution of the Drell-Yan Born term for one mass bin. At
high Pt the fit describes the data very well and is completely dominated by the
second order terms. The fit values of the strong coupling constant o s .27, the
intrinsic transverse mamentum <K, >= 580 MeV, and the gluon structure function

shape m = 4.1 appear very reasonable.

Table I

Explicit QCD Fit Parameters

A = 0.56 + 0.01
- N N = 8.1 + 0.1
d = A{l-x)
_ 8 = 2.6 + 0.3
4 = A(l-x)N+E
R o B = 2.55 (fixed by fg(x)dx = 0.5)
s = (u + d)/4
n m = 4.1 +0.2
= B(l-x)
a2 o = 0.27 + 0.01
£ - e ak,.r s - -
a = 1.14 #+ 0.02 GeV

XZ/DF = 805/876
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I would not claim that we have in any way determined the values of these
second order contributions. Instead, I claim that the fit qualitatively shows
that we are probing different physics at high Pt' Instead of studying the log Q2

behavior of the Born term at low P_, a more definitive test of QCD might involve

t
studying in more detail, i.e. as a function of both production and decay
variables, the behavior of this high Pt dilepton yield. This is indeed one of
the goals of our next experiment, E-605.

Two years ago when we began planning for an experiment to follow E-288 we
set down a number of design goals:

a.) The apparatus should have a physical aperture stop for all particles
with PT<6 GeV.

b.) It is important to positively identify all particle species:
ei,ui,nt, ki and pt.

c.) The apparatus should be campatible with intensities of 3 x lO12
protons per pulse at 1 TeV incident energy.

d.) The acceptance for high Pt pairs should be. increased.

e.) The resolution should be better than E-288.

We believg the apparatus shown in Figure 8 more than meets these goals. The
large target and dump magnet has a field integral of 30 Tesla-m. A forward
particle must have a mamentum greater than 70 GeV/c to reach the MWPC detector
station 1. The mamentum remeasurement in the second magnet and the positive
particle identification in the ring-imaging Cerenkov, the electron and hadron
calorimeters, and behind the muon wall assure sensitive background rejection. The
mass resolution of the apparatus is designed to be .3% FWHM for hadron or lepton
pairs in the 10 to 20 GeV mass range.

The calculated acceptance of the apparatus for one sign of the charge (the
upper half of the aperture) is shown in Figure 9. The acceptance boundaries shown
are determined by the physical location of the magnet coils and the beam dump in
the magnet. A trigger processor being built at Columbia University will be used
to reject background particles including muons from the dump and hadrons

rescattered off the various aperture boundaries.
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Fig. 8. Schematic of Fermilab Experiment 605, a Columbia, Fermilab,
Stony Brook, Univ. of Washington, KEK, Kyoto, Saclay and CERN

collaboration. This experiment is currently under construction in
the Meson Detector Building at Fermilab.

Note that we are sensitive to a large fraction of the kinematic damain
xt>’5' In this unique damain the particle detected, whether it is a lepton or
hadron, must be the leading particle. In a constituent scattering picture one
would expect an increasing probability of observing an accompanying particle on
the other side. This has been observed in our previous expe::iment:s9 for xt<.5. We
hope that by studying the kinematic damain Xt>.5 in detail we can make sharp
tests of QCD constituent scattering predictions.

The experiment is currently under construction and will be set up in the M1
beam line at Fermilab this summer. Hopefully by this time next year we will be

getting our first glimpse of very high P, hadrons and leptons.
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1.

2.

3.

9.

Fig. 9. E-605 acceptance plot. The magnetic field, magnet
coils, and absorber placement determine the acceptance (shaded
area) for positive particles and for negative particles
(passing above and below the dump respectively). The
semi—circles indicate the kinematic limit at 400 and 800 GeV
incident proton energy.

References
A.S. Ito, R.J. Fisk, H. Jostlein, D.M. Kaplan, S.W. Herb, D.C. Hom,
L.M. Lederman, H.D. Synder, J.K. Yoh, B.C. Brown, C.N. Brown, W.R. Innes,
R.D. Kephart, K. Ueno, T. Yamanouchi, Phys. Rev. D23, 604 (1981).

S.D. Drell and T-M. Yan, Phys. Rev. Lett. 25 , 316 (1970); Ann. Phys. 66 ,
578 (1971).

J.F. Owens and E. Reya, Phys. Rev. D17 , 3003 (1978).

J. Pilcher, "Review of Dimuon Production in Hadron Collisions", and A.L.S.
Angelis et al., Int. Symp. on Lepton and Photon Int. at High Energies,
Batavia (1979). U. Becker et al., EPS Int. Conf. on High Energy Physics,
Geneva, (1979).

K. Kajantie and R. Raitio, Nucl. Phys. B139 , 72 (1978).

G. Altarelli, G. Parisi, R. Petronzio, Phys. Lett. 76B , 351 (1978); Phys.
Lett. 76B , 356 (1978).

E.L. Berger, "Hadroproduction of Massive Lepton Pairs and QCD" SLAC-PUB-2314,
(April 1979).

B.A. Gordon et al., Phys. Rev. D20, 2645 (1979); we use the fit for R=.52.
W.B. Atwood, Ph.D. thesis, Stanford Univ., SLAC Report No. 185, (1975).

H. Jostlein et al., Phys. Rev. D20, 53 (1979).



THE PRODUCTION OF J/y IN HADRONIC COLLISION

A. ROMANA, B. CHAURAND and R.A. SALMERON
LPNHE, Ecole Polytechnique, PALAISEAU, France
M.J. CORDEN, J.D. DOWELL, J. GARVEY, R.J. HOMER, M. JOBES,
I.R. KENYON, T. Mc MAHON, R.C. OWEN, K.C.T.O. SUMOROK
R.J. VALLANCE, P.M. WATKINS and J.A. WILSON
University of Birmingham, U.K.
P. SONDEREGGER
CERN, Geneva, Switzerland
Presented by A. ROMANA

8

ABSTRACT
This paper describes an attempt to take account to the cross-sections of
+ + -
J/y's produced by 7= , K-, p and p with a common mechanism. We essentially use

our Q results at 39.5 GeV/c [1] and extrapolate the results to higher energy

in order to compare to the 200 GeV/c data obtained by the NA3 Collaboration [2] .
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A. INTRODUCTION

In the parton model, hadrons constituents are quarks
(u,d,s,c,b, ...) and gluons, and the J/{ is considered to be a cc bound state.
Three main general mechanisms can be considered in the J/Y production in hadron
collision,namely : the light quark-antiquark annihilation, the charmed quark-

antiquark annihilation and the gluon-gluon fusion as represented below :

zzC( 70, ,
v

g \
g ccwloﬂ V///0/4 gzggw/éﬂ

Assuming the knowledge of the structure functions of the consti-
tuents in the different hadrons and ignoring the internal structure of the blob

at the ve 1ices, we can express the cross section for each mechanism using

simple coupling constants gz - . gz _ and g2 :
qqy/4m cTp /4T ggy/4m
*
2E°d0 . (A+B + Y + X) 1 4m2 g2
-4 - — 9 =z [FA(xa) FB(xb) + Fé(xa) F}_;(xb)]
s dxF 3 M 4T q=u,d,s 1 a 4 1
" dO_L(AB > Y+ D) 1 4m? gzcaw A 5 A N 5
V————— = - [ c(xa) FE(xb) + E(xb) + FE(xa) FC(Xb)]
s dxF 3 M 4
25 o wB oy e 4l g2 R 5
_gg—_____=_2__ﬁw_p~(xa)};(xb)
Qs dxF M 4 8 &

*
where E and M are the center of mass energy and the mass of the dimuon.

B. STRUCTURE FUNCTIONS

The structure functions which we use in this description are

the following, using the conventional notations and the usual symmetry rules :



Weo = Vi) = 3.0 x 0003 VB = vEG0 = 172 x O faot
sP(x) = 0.2 (1-0)® L) = x, P

P = 3.101-x)°

Vg-(x)= Vg—(x) = 0.75 x(1-x) s"(x) = 0-11(1—x)5

ST =z, 80 ") = 2.0 (1-x)°

) = F(x)
TABLE 1

In this scheme, the charmed sea is supposed to be suppressed

relative to the light quark sea but the suppression factor r, can be ta-
. . . . 2 _ 2 2

ken into account in the effective coupling constant g ety Leg cTW/4T®

C. STUDY OF THE SEPARATED MECHANISMS

The computation of the three mechanisms separately for the
six different hadrons and comparison with our data at 40 GeV/c[l] gives
us first information that none of the mechanisms would be sufficient by
itself to explain ) production. This is clearly shown with the p/P cross
section ratio :

data on tungsten at 40 GeV a(p)/o(p) = 0.12 + 0.02

light quark annihilation 0.05

charmed quark annihilation as well as

gluon fusion 1.0
as well as the Xp distribution for T induced Y's which is too flat if we
consider the qq annihilation and too steep for cc annihilation and/or gg

fusion mechanisms.

In any case, a qq contribution appears to be needed in as-
sociation of mechanisms, so we will now examine the 3 different possible
associations :

qq + cc
aq + gg
qq + cc + gg
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D. ASSOCIATION OF TWO MECHANLSMSqq + cc or qq + gg
We obtain the two sets of coupling constants (g2 _
i 2 2 . qqp/4m
and g th/aﬂ) and (g qqu/aT and g ggW[m) from the fit of the total

cross—section induced by 7~ and the ratio of the cross—-sections of the

+ - -
five other incident hadrons (w+, K™, p and p) to that of ™ at 40 GeV.
This fit gives the following results for the two kinds of association :

= (2.0 £0.1)107% and g' = 0.09  0.01

qq + cc : g2 - 2 _
qqy/4n ccy/am

= (2.1 £0.1)107% and ¢ = (1.2 £ 0.1)107°

@teg: g 2
. qqy/4m ggyi/4m

From these constants we can recompute the cross—sections
at 40 GeV to show the quality of the fit to our data and we compute
also the cross sections at 200 GeV to compare with the NA3 results
[table 2]. In this table, we have assumed a linear A dependence to derive
the cross—section per nucleon from our data on tungsten and the NA3 data

on platinium.

The computed percentage of the contribution of the qq
mechanism is of the order of 757 at 40 GeV and 35% at 200 GeV for the

qE + gg association.

_ . Z N _
a(r) LA K/ - K/ P/ - p/ -
mb/nucleor
> |qq + cc |16. = 1.[1.06x .04{1.01£.04 |.32 + ,0:1.10 +.05[.17 * .08
3
S lqq +gg |16. £ 1.[1.06+.0411.01£.04 |.38 +.02|1.15*.04/.18 * .06
data 16.1%1.4(1.05+ .06{0.88+.11 [.31 *.06]1.13+.14[.14 + .02
qq + cc [293, * 3a[1.01£.1 [1.002.1 [.93 .1 1.2 * .1 [.94 % .1
o
© 1qq +gg [100. £10.]1.03 2.1 [1.00¢,1 |.77 £.1 .4 = .1 [.75 = .1
g
data 92, £17.]1.01 +.02/1.1 £.1 {.78 .08 /.83 * .12[.59 = .1

TABLE 2



The first evidence is that the cross-section given by the
qq + cC association grows highly too fast with energy as can be explained
with the shape of the structure function of the charmed quarks inside
hadrons. If we consider then the qq + gg mechanism, we can see that agree-
ment is quite reasonable when we go from Vs = 8.6 to Vs = 20 GeV for the

six different hadrons.

Figure 1 shows the Xp distribution of T induced J/y's
as obtained from our data and from the two associations of mechanisms
with the fitted coupling constants. The curves don't agree very well
but they give the general trend if we take into account the poor knowledge
of the charmed and gluon structure functions and the bad experimental accep-
tance at low x, which gives a large error in the overall normalisation.

F

E. ASSOCIATION OF THE 3 MECHANISMS.

Although the cT annihilation contribution has to be very

small, we now consider the association of the three mechanisms.

For this, we fit the 3 coupling constants to the data at
40 and 200 GeV/c together : the data involved in the fit are again the
total cross-section for T and the five cross-section ratios relative to

m for the other incident particles.

The results are :

gzqﬁw/¢“ = (2.0 £ 0.1) 10°°
8'§a¢/4n = (1.2 £0.1) 1072
gzggw/An = (1.1 £0.2) 107°

With these constants, the results of the fit are given in
table 3.
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\[; ™ L K= K™ o= P/y~ P/n~
GeV
Fit 16. + 1. [ 1.06%,05[1.00%.05 | .36+.02 [1.1+.1 |.18%.01
8.6
Data 16.1% 1.4 1.0520.05.88 .11 | .312.06 |1.13+.14(.14%.02
Fit 125.+7. | 1.03+.03|1.0 .05 | .83+.04 [1.3+.1 |.81 *.04
20
Data 92 + 17.]1.012.02]1.1 .1 | .78+.08 |.83 +.12(.59 *.1
TABLE 3

The agreement is quite good except for the p/1r~ and the
p/7 ratios at 200 GeV/c although the p/P ratio is correct (fit gives
0.62 *+ .06 while data are 0.71 * .1). In this scheme, the qQ contribu-
tion goes down from 757 at 40 GeV/c to 35% at 200 GeV/c, as expected

qualitatively from the shapes of the 'structure functions.

With the coupling constants given above, we can also de-
termine the cross-sections for the J/y production on hydrogen. The results
at 40 GeV are given in table 4, where we can only compare at 40 GeV with

- + . .
the m and m induced production.

+ = ¥ =
e ™= K /v~ K /- p/m= p/y

computatiod 15. * 3, .61 £.11] 1.0 £ .2|.31 + .1 |.75 % 14| .12 + .02

H2 data 13.9+9 .78 £ .1

TABLE 4

We also have computed the Xp distribution for m induced
J/V on tungsten at 40 GeV and platinium at 200 GeV to compare to the
experimental distributions (Fig. 2). The discontinuous curves show the
contribution of the different mechanisms.

Agreement is reasonable at both energies.



F. CONCLUSION

Using usual structure functions and a simple parton model
where we consider the interaction to be pointlike, we can interpret the
J/Y production as an association of light quark-antiquark annihilation
and gluon—gluon fusion and/or charmed quark-antiquark annihilation. The
results are quite satisfactory for six different beam particles and a

lever arm in energy from 40 to 200 GeV/c(vs from 8.6 to 20 GeV).

The coupling constant we find for the q annihilation
is of the order of 2.10-4, i.e. roughly larger than what is expected if
the only vertex were violating the Zweig rule; this can be an indication

for a process where one gluon is produced.

For the cC annihilation (if needed), the effective coupling

2 _ .2 2 - -2 .. .
co/4m r. 8 cep/am 10 © which leads to a suppression

factor of about 157 if we assume a real coupling constant of 1/2 as expec-

ted from the J/Y width.

constant is g'

The gg coupling constant is difficult to compute in terms

of QCD to compare to our actual value of about 10-5.

The main contribution at 40 GeV/c is due to the light
quarks annihilation (75%); this contribution decreases with energy (as
expected from the structure functions and the kinematic giving the simple

relation : X, ® =-Mils) up to 357 at 200 GeV/c.

The results presented give the limits of such a simple
model where we neglect the Pr distributions, the QCD corrections and the
decay of any cC-state into the Y. On the other hand, these results are
good enough to have a rather good sensitivity to the validity of the
model and to the validity of the chosen structure function for gluons in-
side hadrons : fits were attempted with different shapes of the gluon
structure function which gave results that are worse in the comparison

with data.
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CONTINUUM DIMUON PRODUCTION BY 39.5 GEV/C

+ + -
m, K7, p AND p INCIDENT ON A TUNGSTEN TARGET

Birmingham - CERN - Ecole Polytechnique
J.D. Dowell
Physics Department, University of Birmingham

Inclusive dimuon production by 39.5 GeV/c w+, Kt, p and p
has been studied for masses greater than 2.0 GeV/c2. The 7 ,n+ and
(n”-n%) cross sections exceed the naive Drell-Yan predictions by a
factor 2.4 and the scaling cross section M3 /do/dM scales with
higher energy data within the systematic errors. The ratios of the
cross sections for the different incident particles to 7~ agree with
Drell-Yan predictions. The pion valence structure function is
consistent with that found at 200 GeV/c. Some x_ dependence of the
angular distribution is observed with large erro¥s. A comparison
of <P%> at fixed 1 to higher energy data shows an increase with
increasing s at four values of Tt.
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The experiment was carried out in the CERN Omega Spectrometer
which has a large acceptance (-0.5<xF<l.O) for the produced dimuons.
Details of the experimental method may be found in reference {1} and
further information about the results discussed here in reference
{2}. Data were obtained for dimuon masses from 2.0 to 7.0 GeV/c2 or
0.23</1<0.80. Figure 1 shows the differential cross sections (xF>O)
as a function of dimuon mass for n—, w+ and (W_—ﬂ+). The data are
corrected for acceptance but not for Fermi-motion and the errors
include all systematic effects. The curves are calculated assuming
a linear A-dependence and the simple Drell-Yan formula, using the
structure functions of NA3 {3} for the pion and CDHS {4} for the
nucleon, but multiplied by a factor K to fit the data. The
difference cross section (ﬂ-—n+) is expected to be free from
hadronic backgrounds and requires K=2.2210.41 similar to the value
observed in higher energy experiments {5,6,7}. The fact that the
K-values obtained for n+ and T separately are only about 10% higher
and the good agreement with the curves indicate that dimuon produc-
tion is dominated by the Drell-Yan mechanism even at the lowest

masses.

Figure 2 is a plot of the scaling cross section MBdU/dM
versus Y1 at all xp for our data and those of NA3 {10} at 200 and
280 GeV. A linear A-dependence has been used to obtain the cross
section per nucleon but this is not critical as the targets (W and
Pt) have similar A-values. No Fermi-motion corrections have been
applied in either experiment. Our data lie about 20% higher on
average but we are compatible with scaling within our errors which
include all systematic effects. A small deviation in the direction
observed would be expected on the basis of the scaling violations

observed in deep inelastic scattering.

Figure 3 shows the cross sections for different incident
particles relative to 7 as a function of mass and include our
J/V results (2.7<M<3.5 GeV/cZ). The w+/w_ ratio is close to unity
for J/¢ production while for the continuum it decreases with
increasing dimuon mass towards the value of %, the ratio of the
squares of the annihilating valence quark charges. For the other
particles the ratios fall with mass without a discontinuity at the
J/Y. This is consistent with quark model expectations. The small
ratios for K+ and p are consequences of the absence of valence u

or d@ in these particles. The solid curves are computed from the
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Drell-Yan model using the structure functions of references {%,4}.
The agreement is generally good. The solid curve for K_/n— is
where the u distribution for the K 1is taken to be the same as for
the 7 while the dashed curve uses the results of ref. {9}. for the
K~ structure function. The latter agrees better with the data
providing further evidence that the u distribution in a K~ falls
more steeply with x than in a m . The variation we observe for

the K-/ﬂ— ratio as a function of x_ is also consistent with this

F
result.

Figure 4a and 4b show the x_ distributions for muon pairs in

the mass ranges 2.3-2.7 and 4.0—5.5 GeV/c2 for incident m and n+.\
The superimposed curves (normalised to the data for xF>0) are
calculated using the structure functions mentioned earlier and
reproduce the data reasonably well. At higher masses the predicted
Xp distributions are broader and peak further away from zero because
of the difference in the valence quark distributions between pions
and nucleons and the fact that large quark x-values are required to
produce high masses. In order to determine the pion structure
function we have fitted the data for w' and 7~ simultaneously in
the mass interval 2.0-2.7 GeV/c2 for Xp between -0.1 and 0.8 with
the pion valence structure function parameterized as Axa(l-x)s.

The pion sea is fixed as B(l-x)Y where y=5 and B is such that 6% of
the pion momentum is carried by each sea quark flavour while for
the nucleon the CDHS parameters have been used {4}. The fitted
results give a=0.44#0.12 and B=0.98+0.15 and a K factor of 2.6+0.5
to be compared with a=0.40+0.06 and R=0.90+0.06 in ref. {3}. There
is no evidence within experimental error of any scaling violation
from the shape of the pion structure function between 40 GeV/c and
200 GeV/c; the prescription of Buras and Gaemers {8} applied to the
pion predicts that the parameter B would be smaller by n0.2 at the
lower momentum.

The cos 8 angular distribution has been studied in the
Gottfried-Jackson system for |cos 6|<0.8 assuming that the azimuthal
distribution ¢ is isotropic. The results are critically dependent
on the acceptance for which a systematic error has been included.
Allowance has also been made for the smearing effect of multiple
scattering. The combined n+ and 7 distributions have been fitted
with l+acosze. The large |cos 8| values have the largest influence

on o but are the most poorly determined because the corrections are
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large and the statistics low. Consequently one should be cautious
in interpreting the results. The values of a obtained for x>-0.25
are 0=0.44%0.17 (0.44+0.48) for the mass regions 2.3-2.7 GeV/c2
(4.0-5.0 GeV/cz). Figure 5 is a plot of o versus Xp for the lower
mass range, with the lower scale showing the x-value of the quark
in the pion. The curve is the prediction of Berger and Brodsky
{11} and the data show the predicted decrease in a with increasing
x., as first observed at 225 GeV/c {12}. However the large errors

F
and systematic uncertainties make it difficult to draw a conclusion.

The Pz distributions for the T agd nt inducedzdimuons are
well fitted by an exponential form for Pt <2.0(Gev/c)“. At higher
Pi the data fall more slowly than the exponential as observed in
reference {10}. The <P§> values are similar for all beam particles
and show a dependence on mass and x
applied to <Pi

scattering. Figure 6 shows <P:

data. Our data have a similar mass dependence to the higher energy

F* Corrections have been
> to allow for the smearing effect of multiple

> versus mass compared to other

data but correspond to much higher values of v¥t. Figure 7 shows

<P§> versus s at four values of Yt. There appear to be some

inconsistencies but the data show that <P§> increases with s at

fixed 1. The straight lines are not fits but are to guide the eye
and have slopes ranging from .0023 to .0035 with no clear systematic
trend. There is not a common intercept on the <Pi> axis implying

that the primordial <Pz> is a function of 1. Our data show a
2

t F

particularly striking at high mass where it must at least partly

smooth decrease of <P_> with increasing x_ (figure 8) which is
reflect the approach to the kinematic boundary. The acceptance is
a slowly varying function of both Xp and Pt and could not, due to
error, account for the behaviour.

In conclusion we observe at 40 GeV/c only a small change in
the scaled continuum cross section M3do/dM from the values measured
at 200 and 280 GeV/c. The cross sections exceed the naive Drell-
Yan predictions by a factor n2.4. The pion valence structure
function is consistent with that found at 200 GeV/c. Some evidence
of a dependence of the angular distribution parameter o on Xp is
observed but the errors are large. Comparing to higher energy data
<Pi> rises with increasing s at fixed 1t but decreases with x_ at

F
our energy.
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HIGH-MASS DIMUON PRODUCTION AT THE CERN ISR

F. Vannucci

LAPP, Annecy, France

ABSTRACT

New results from a dimuon production experiment at the ISR are presented for
energles of 44 and 62 GeV. Scaling 1is discussed and some characteristics of the
dynamics of the muon pairs are given.
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INTRODUCTION

Partial results of the R209 experiment at the ISR have already been pre-
sentedl), concerning cross—sections for resonance production, a test of scaling,
and the two-photon process. Details of the detector, made of magnetized iron
torolds interleaved with scintillation counters and large drift chambers, were
also given. Here we will add some final results on scaling, and on the dynamics
of dimuons produced at Vs = 44 and 62 GeV with about 2500 and 12,000 events,
respectively. Results concerning hadrons associated with the lepton pairs are

discussed in these proceedingsz).

SCALING

Cross-sections for dimuon production at centre-of-mass energies vs = 44 and
62 GeV are shown in Fig. 1. They correspond to an integrated luminosity of

0.42 x 10%® cm 2 and 1.11 x 103% cm 2, respectively.

A test of scaling can be performed by comparing the quantities n’do/dmdx x=0

obtained at these two energies. The plots are shown in Fig. 2 together with

results at v = 27.4 GeV ®). A common fit:

- 10
128 - (o120.03) Q=VD77 16732 cn? /Gev
oo 7

gives a good description of these experimental data in the vT range between
0.05 and 0.5 (YT is the usual dimensionless parameter VT = m/Vs). Scaling is
tested by fixing ¥T and comparing m3do/dmdx obtained at various energies. From
Fig. 2 it is apparent that scaling is tested in the region ¥T = 0.2 between the
Fermilab and ISR energies. This is the region where the ISR points have low
statistics and where QCD predicts little scaling violation. One should still
keep in mind that the dimuon-production cross—-section at the ISR is more than
two orders of magnitude larger than at Fermilab for a dimuon mass of 12 GeV.
This huge factor disappears completely by the scaling procedure, thus giving

good support for this prediction.

It can be emphasized that the ISR results concentrate at low VT, thus being

sensitive to the sea component of the incident hadrons.

DYNAMICS

For the resonance-free interval 5 < m < 8 GeV the angular distribution of
the 4400 muon events obtained at 62 GeV, relative to the Collins-Soper axis“),

was fitted to a form (1 + a cos? 8). We find o = 1.0 * 0.5 consistent with
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expectations from the Drell-Yan mechanism. The x distribution has also been
studied, x being the Feynman parameter x = 2pL//§. Figure 3 gives the measured
distributions for the 62 GeV data and three mass intervals. Their shapes are in

good agreement with a Drell-Yan calculation®) scaled up by a factor 1.6.

Finally the Pp distribution is presented in Fig. 4 for three different mass
intervals. Omitting the first bin, we obtain good fits to a simple exponential.
The extracted average transverse momenta are substantially higher than predicted
by the simple Drell-Yan model. Figure 5 summarizes measurements of dimuon (pT)
obtained over a range of c.m. energies extending from 19 to 62 GeV 3:6), A large
increase of (pT) with increasing Vs is observed. This is in disagreement with
the simple quark—antiquark annihilation graph, but is in qualitative agreement
with QCD predictions incorporating gluon interactions. The K factor, found to
be 1.7 and which was reported earlierl) based on the CDHS structure functionss),
also points to the need for QCD corrections for the over-all normalization of

the cross-section.
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THE PRODUCTION OF HIGH-MASS ELECTRON PAIRS AT THE CERN ISR

C. Kourkoumelis
Physics Laboratory, University of Athens, Greece

ABSTRACT

The production of high-mass electron pairs (4.5 < m < 19 GeV/c?) from proton-—
proton_collisions was studied at the CERN ISR, at c.m. energies in the range

28 € Vs < 63 GeV. Our results include measurements of the scaling function down
to m/vs = 0.07, and measurements of the angular decay distribution as well as a
study of the transverse momentum distribution of the pairs.
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High-mass electron pairs, 4.5 < m < 19 GeV/c?, produced from pp collisions
have been studied by our experiment at the CERN ISR. The apparatus included four
modules, each consisting of proportional chambers, scintillators, xenon/PWC-lithium
transition radiation detectors, and a lead/liquid-argon calorimeter. The last two
elements were very essential for the selection of the electrons over the intense
background of hadrons, both at the trigger level and at the off-line analysis.
More details about the apparatus, the triggers, and the analysis methods used, can

be found elsewherez).

The integrated luminosities corresponding to each c.m. energy were the follow-
ing: 0.095, 1.214, and 8.748 (x 10%7) em~2 at Vs = 30, 53, and 63 GeV, respectively.

Figure 1 shows the cross—section for the production of massive electron pairs
as a function of their mass, for the combined data at /s = 53 and 63 GeV. The

errors include a 50% uncertainty on the subtraction of the background.
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The dielectron data were further used for the investigation of scaling in
/T = n//s. Figure 2 shows our data on scaling together with other experimental
results for comparison. Scaling seems to hold, within the statistical accuracy
of the data, in the range /s = 28-63 GeV down to values of VT = 0.07. The region
of low values of VT is precisely the relevant region for the production of inter-
mediate vector bosons at the new accelerators. Our data can be presented by the
form:

s d%o

Lo - -32 _ m 2 2
Indy (2.32 £ 0.12) x 10 X exp [( 11.6 + 0.5) 7;] cm® GeV

y=0
(with x* = 25 for 30 degrees of freedom). All the data of Fig. 2 covering a wider

region of /T values can be well parametrized by the form:

5 d%o
dmdy

9.7+0.4
J cm? GeV?

= (2.60%0.13) x 10732 x ex [(—2.0:0.7) l“-] -2
0 P s Vs

y=
(with X2 = 72 for 57 degrees of freedom). This last function is also shown super-
imposed on Fig. 1. On Fig. 2 is also shown a parametric fit from lower vs valuesa),
which fails though to represent well the data at low VT values. Summarizing, our

data are in good agreement with universal scaling.

We have also studied the angular distribution of the dielectrons for two

different mass regions: for the continuum 4.5 < m < 8.7 GeV/c? and for the T region,
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8.7 < m < 10.3 GeV/c?. The corresponding distributions measured in the s-channel
helicity system are shown on Figs. 3a and b. We have fitted our data to the form
do/d cos 8 = (1 + o cos? 8) and found a good fit for a = 1.15 + 0.34 and o =

= 0.79 * 0.40 for the continuum and T region, respectively. The value found for
the continuum agrees with the virtual photon production picture of the simple

Drell-Yan mechanism.

continuum Y
45<mge <8.7 GeV 8.7 <Mge <10.3 GeV
@ 15} /
2 / L
& 4 _
g ~- /
D 1 | /
<,
I
(=)
bl 8
O|o 05t
a b
0 - + + + >
0 €0s (Q)neL .0 cos(O)yeL 1.

Fig. 3 Angular distribution of the electron pairs

For the study of the average transverse momenta of the dielectrons a require-
ment on the low multiplicity in the modules containing the electrons was imposed,
since the fraction of the background was increasing rapidly with the (pT). The
distribution of the (pT) at Vs = 63 GeV is shown in Fig. 4 as a function of the
dielectron mass, together with other experimental results at different c.m. ener-
gies. This figure shows that the (pT) is independent of mass, (pT) = 1.43 + 0.07 GeV/c,
but rises with rising v¥s. The rise of (pT) with /5 for fixed T is in disagreement

with the simple Drell-Yan model and in support of the QCD corrections*),

We have tried to evaluate the size of the departure from the 'maive" Drell-Yan

model, measuring the k-factor which is defined as follows:

exp 2 naive D.Y.

d2g d2g
dmdy

dmd
Y ly= y=0
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Fig. 4 The average (pT) versus mass for different c.m. energies

We found that k is approximately 1.7, but its value depends both on the assumed

sea—quark distribution as well as on vT, varying between 2.5 and 1.2. A sea distri-

bution of the form X*S(x) " (1 —x)“'5 fits well our data and gives a k value in-

dependent of VT within the measured range.

D

2)
3)

4)

In conclusion, the only observed departure from the naive Drell-Yan mechanism

the rise of (pT) with Vs, as well as the absolute value of the cross-section.

REFERENCES AND FOOTNOTES

Work done by the Athens?-Brookhaven-CERN-Syracuse Collaboration (C. Kourkoumelis,
L.K. Resvanis, T.A. Filippas, E. Fokitis, A.M. Cnops, J.H. Cobb, R.Hogue,
S. Iwata, R.B. Palmer, D.C. Rahm, P. Rehak, I. Stumer, C.W. Fabjan, T. Fields,
D. Lissauer, I. Mannelli, P. Mouzourakis, K. Nakamura, A, Nappi, W. Struczinski,
W.J. Willis, M. Goldberg, N. Horwitz, G.-C. Moneti and A.J. Lankford).

C. Kourkoumelis et al., Phys. Lett. 91B, 475 (1980).
L. Lederman, Physica Scripta 20, 227 (1979).

See, for example: G. Altarelli et al., Phys. Lett. 76B, 351 and 356 (1978).






2 + -
INTERMEDIATE MASS (1.4 < M £ 2.6 GeV/c') W 1 PAIRS

A. C. Melissinos
Department of Physics and Astronomy
University of Rochester
Rochester, N.Y., 14627, U. S. A.

Abstract: We discuss results from the hadronic production of U+u_ pairs in
the interval 1.4 £ M + - < 2.6 Gev/cz. It is shown that dimuons are produced
not only directly H U in accordance with the Drell-Yan model but also in-
directly through one or more other mechanisms. Evidence for the scale breaking
of the pion structure function is presented; the Q%-evolution being in good
agreement with QCD predictions. Finally we evaluate the magnitude of the in-
trinsic transverse momentum of the partons and find <kT> = 320 * 40 MeV.
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1. Introduction
. . . . 2, .
Hadronic production of lepton pairs with M > 4.0 GeV/c™ is in close agree-

ment with the Drell-Yan (D.Y.) modell) 2).

subject to first order QCD corrections
Below the J/i mass dilepton production cannot be accounted for only by the D.Y.
model even though it exhibits many similarities to the production of high mass
pairs. The intermediate mass region, 1.4 < M < 2.6 Gev/c2 is of interest be-
cause of:
(a) The definite presence of a dilepton production mechanism other than D.Y.
(b) It makes possible the determination of the structure function of the pion
at low values of Q2 and therefore a study of its Qz—evolution.
(c) The determination of the average intrinsic transverse momentum of the
partons is practically independent of dynamic (QCD) effects.
In this report we discuss the above topics based primarily on results ob-
tained with 16 GeV/c Wt and 22 GeV/c 7 beams incident on nuclear targets. The
experiments were performed at Brookhaven National Laboratory and details can be

found in the literature3-7). Similar results have been obtained by the Chicago-

9 . . .
), in two experiments using the Omega spectrometer at CERNlO'll)

as well as by groups in the USSRlz)

Princeton groups'

N + - . . . . :
2. Comparison of U U pair production with the D.Y. model; indirect dilepton

production

Examination of the data indicates that the order of magnitude and the
x-dependence of the differential cross-sections do/dMdx is in reasonable agree-
ment with the D.Y. model. However the data are higher than predicted by a
factor of N2.0, the discrepancy increasing at lower masses. It is unwise to
base conclusions about the validity of the model on normalization comparisons

2) (K-factor = 2.0) and the color factor

alone because the vertex correction
(1/3) are of the same order as the observed differences. Fortunately, the D.Y.
model makes definite predictions for other features of the data which are in-
dependent of the absolute normalization.

A specific prediction is the ratio of dilepton production by v+ and T
beams. This ratio R takes a simple form if the data are restricted to X > 0.4
in which case the pion sea can be ignored, so that

128, 0ep) e ()] 4 5 (ZEW A (x,) W
do/aM(n N » utuT o+ LL.l) 412u, (x,) +Nd_ (x,)] + 5(2+N) A (x,)

_do/am(ry >yt 4 L)

R

Here xl, x2 refer to the indiceht pion and target nucleon, respectively and
uv(xz), dv(x2) are the proton structure functions for valence "up", "down"
quarks. The proton sea quark distribution is X(xz) = Gs =u = as = ds and we

ignore the contribution of other flavors; (2z,N) characterize the target nucleus.



We have used the Qz—dependent structure functions of Buras and Gaemersl3)

to
evaluate Eq. (1) as a function of T for three different energies. The result
is given by the solid curve in Fig. 1, to be compared with the dashed curve
which is a fit to the data points; the shaded area indicates the range in the
error of the fit. We attribute the discrepancy between the data and Eq. (1)

to the presence of one or more production mechanisms in addition to the D.Y.
model. We shall refer to these mechanisms as indirect production in distinction

to the term direct production which we reserve for the D.Y. process.

T T Y

T T T
40 Gev 225 Gev

Cu TARGET

C TARGET

T T T
16 GeV
ﬁm Cu TARGET

o O

HIN—
TN

P _/
QG ANNIHIL ATION 9Q ANNIHILATION

L L L ¢ L

o [oX} 0.2 03 o] 0.2 0.3
T=M¥s =M¥s

. . + - . + - s .
Fig. 1 - Ratio of H 4 yield from m N and T N interactions.

To interpret the data of Fig. 1 we make the simplest- possible assumption,
namely that the indirect production is charge independent. We can then evaluate
the fraction Y of directly produced pairs to the total production

- = + - 1-R(s,T)
Y(s,T) = do/aM{mT N > {(gg > u u ) + ...] _ observed @)

do/AM[T N > u+u- F oieneinansal l_R(S’T)calculated

The fraction Y is shown in Fig. 2a as a function of T for different incident
energies; and in Fig. 2b as a function of mass. 1In this case Y appears to be
independent of the incident energy. However it can depend on the target as
discussed below.

We recall that the D.Y. model does not consider secondary interactions and
therefore dilepton production from nuclear targets should be exactly propor-
tional to the target atomic number A. This prediction is fulfilled for high
mass pairs but fails for M < 3.0 Gev/c2. We can account for this observation
by making the plausible assumption that indirect production is typical of

P

hadronic processes and has an A"~ dependence with p in the range 2/3 to 0.74.

It follows that the observed A-dependence will be of the form A(S where

_ loglym,m + 2P -y}

§M) =1 Tog & (3)
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The prediction of Eq. (3) is compared
with the data in Fig. 3 and shows good
agreement.

A further consequence of the D.Y.
model is that at sufficiently high
energies the virtual photons decaying
into u+u- are transversely polarized;
therefore the decay angular distribution
in the dimuon rest frame must be of the
form (1 + cosze*) with respect to the
photon spin direction. When the dimuons
are produced with significant transverse
momentum (pT/M = 1) the polarization
axis is not anymore uniquely defined.

6) that in the

From the data we find
helicity frame the decay distribution

can be fit to the form

do

2. %
Foosew = (1 + ocos™ 0 )

N~ e
o . 22 Gev |

o'k

do/dM nb/[Gev/e® ]/ Cu NUCLEUS (x>0)

00 10 20 3.0 4.0
MI"M' (Gevrc?)

Fig. 4 - Dimuon production by 22 GeV

T on Cu.



with a = 0.32 * 0.23. If the indirect production is isotropic it dilutes the

asymmetry and the observed value of 0 becomes

a =3
observed 4 -y

(4)

For Y = 0.4 Eq. (4) reproduces the asymmetry of the data.

We can now address the question of the absolute normalization. The x-
dependence of the indirect production is unknown but in deriving Eq. (2) it has
been implicitly assumed that it is similar to that predicted by the D.Y. model.
We can then use the pion structure function derived from the data (see follow-
ing section) and the values of Y(M) from Fig. 2b to calculate the observed cross-
section do/dM. The result is shown by the solid curve in Fig. 4, in excellent
agreement with the data.

The conclusion of this analysis is that when indirect production is taken
into account there is no need to introduce the vertex renormalization K-factor.
Of course our data agree with those of the other groups as can be easily
realized by noting that in this mass range 1/Y = K. The difference is in in-
terpretation of the data and the fact that Yy is mass-dependent and tends to
unity for M 2 4 Gev/cz. In contrast, the K-factor is generally taken as mass
independent; however because of the increase of uS(QZ) as Q2 + 0, the K-factor
should increase at low masses.

Several mechanisms for indirect dilepton production have been proposed but
at present it is not possible to differentiate between them. For instance
Bjorken and Weissbergl4) suggest that in the final state interactions follow-
ing hard qq scattering a number of secondary qq annihilations take place lead-

15)

ing to the production of low mass pairs. David and Barbara Schrempp have

considered the two photon exchange (Bethe-Heitler) electromagnetic production

16) and Domokosl7) have proposed a thermody-

of very low mass pairs. Shuryak
namic model whereby low mass pairs are produced in the short space-time region
of a hadronic collision. If this process does indeed take place, low mass di-
leptons can be used as a signature of phase transitions from nuclear to quark

17)

matter especially in the collision of heavy nuclei .

3. Scale breaking of the pion structure function

The consideration of indirect lepton production allows us to establish
the observed cross section due to the D.Y. process. We can then extract the
pion structure function either by using the known nucleon structure functions
or by the factorization methodS). Both methods lead to the same results which

are indicated by the solid points in Fig. 5. Since our data probe the structure
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function only for Xy > 0.4 we fix the dependence at x + O and fit them to the
form
m n
Fix)) = akk (1-x) (5)
with A, n free parameters. The result is
n = 0.47 + 0.05 A =0.72 £ 0.05

Integration of Eq. (5) with the above fitted values for n, A gives

1 T dxl 1 T
J ¥ (xl) _§I = 1.10 £ 0.10 and f F (xl)dxl = 0.29 £ 0.04
o o
for the probability of finding a u (or d) quark in the 7 and for the momentum
fraction carried by each quark.

Structure functions obtained from deep inelastic scattering (DIS) depend
on QZ, their evolution being described by the Altarelli-Parisi equationla)
Presuming that this formalism remains valid in the time-like domain the pion
structure function (determined from dilepton production) should evolve as

Ny

n
v 2 1 1
F (xl,Q ) = E?ﬁzjﬁ;_:—iﬁ(xl) (1L - xl) (6)

19)

We used the QCD calculation of Owens and Reya and our own structure function
as input to determine

n, =0.5- 0.104s n, =0.47 + 0.69s
with

n(Q /")
where Qi = 3.17 GeV2 corresponds to the mean value of M2 for our data and we
have set A = 0.5 GeV. The lower curve in Fig. 5 is the prediction of Eq. (6)
evaluated at Q2 = 36 GeVZ, the mean value of M2 for the Chicago-Princeton datag)
at 225 GeV. We note that the data points are in agreement with the theoreti-
cally predicted evolution of Fﬂ(xl).

It can be argued that the observed agreement is fortuitous in view of the
difficulty of establishing the structure function at low values of Q2; and of
course depends on the value of A. On the other hand there is little doubt that
the pion structure function at Q2 = 36 (i.e. for 4.5 € M € 9.5) is of the form
indicated by the lower curve. It therefore follows that for smaller values of
M, F“(xl) is much flatter and is inconsistent with a (l—xl)l'0 dependence as
x1 + 1.0. This argument can be used to support the conclusions reached in the
previous section. More generally, a study of scale breaking effects whether in

DIS or in dilepton production must by necessity make use of data at low values



of Q2; in this domain QCD corrections are 05 T
subject to larger uncertainties both in

the space-like and time-like domain. The
advantage of dilepton data over DIS data

is that they probe the region x = 1.0

o4
where scale breaking effects are large

and free of contributions from the sea.

FWxJ

0.05 t 225 GeV-

¥ 225

4 22 Gev k +

L B B
o 02 04 06 0.8 10

Xy

2
Fig. 5 - Q -Evolution of the pion

structure function.

4. Intrinsic transverse momentum of the partons

In the simple D.Y. model the dileptons are produced with no transverse
momentum. First order QCD corrections involving the emission of, or scattering
from, a gluon allow the dilepton to acquire transverse momentum. The magnitude
of this effect does not suffice to account for the observed distributions and
one must assign an intrinsic (primordial) transverse momentum to the quarks con-
fined in the colliding hadrons. From purely dimensional arguments the mean pT
generated by QCD grows as /s and therefore becomes the dominant effect at high
energies. At low energies the Pq distribution is due primarily to the intrinsic
k_.

T
. X i
To calculate the expected transverse momentum distribution ) we use the

)

regularization procedure of Altarelli et a120 , where

a’o

2
=0 AT,s,y)E(p) +
dep;dy DY T

reg. (7)
aF o (kT8 ) (E(B.K 12 - £(p2)]
+ $Tisiy) [£(Ipy Ky Py

Al

T QCD T

and f(ki) is a steeply falling function representing the effective contribution
due to the intrinsic transverse momentum of both_partons. We have chosen a

Gaussian

2 =
f(kT) = RAe A= (8)
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with a width corresponding to V2 <kT>.

100
Equation (8) has been evaluated

L

numerically for different values of

22 GeV
7=.045-.095

<kT> and fitted to the data. In this
<ky>=.29 GeV/c

JE.

process we have taken account of the
fact that the indirect dilepton produc-
tion is completely determined by the

coald

intrinsic distribution of Eq. (8) alone;

T

details of this procedure can be found

alxy,7,s)

in ref. (7). A typical result is shown

in Fig. 6: the dashed curve is the

TT T

infrared-divergent QCD cross-section;
the dotted curve the intrinsic Gaussian;
and the solid curve the convolution of
these two contributions as indicated by

Eq. (7). The intrinsic transverse

Q. . . . .
4 -6 momentum dominates the distribution

whereas the inclusion of QCD effects

Fig. 6 - Transverse momentum decreases <kT> by A20%.

distribution of dimuons.

We find that <kT>is independent of the incident energy but grows slowly

. . . 2
with T. Averaging over the mass interval 1.4 < M £ 2.6 GeV/c

<kT> = .370 * 0.030 GeV/c

When the effects of Fermi motion and experimental resolution are unfolded one
obtains

<kT> = 0.320 * 0.040 GeV/c

We note that <kT> as defined in Eq. (8) refers to the intrinsic transverse
momentum of one of the colliding quarks. Therefore the mean pT of the dileptons
due to intrinsic effects alone is <pT> = /2 <kT>. Finally, our results can be

parametrized as a function of s and T by the approximate form

0.40 (/T = 0.24)
<py> = 10.50 (VT = 0.34) + 0.038Ys (9)
0.57 (VT = 0.45)

Equation (9) even though only of qualitative nature, is in reasonable agreement

with the <pT> observed for dilepton production in 150 and 280 GeV TN

collision521).
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PRODUCTION OF u-PAIRS IN THE FORWARD
DIRECTION: FERMILAB EXPERIMENT 615

A.J.S. Smith
Princeton University Physics Department
Princeton, N.J., U.S.A. 08540

ABSTRACT: A brief description is given of a new experiment at Fermilab, the
goal of which is a sensitive measurement of the pion structure function, includ-
ing the spin dependence of the coupling of hadrons to virtual photons. Particu-

larly interesting is the region x]+1, in which a single quark contains most of
the beam momentum.



The purpose of this brief contribution is to report on the goals and status
of Fermilab experiment 615, an upcoming study of u-pair production in the forward
direction. Approved in June 1979, this experiment is a collaborative effort
among groups from the University of Chicago, Fermilab, the Iowa State University
and Princeton University. The experiment was motivated by resu]tl’zof our pre-
vious Chicago-Princeton experiments using the Cyclotron spectrometer at Fermilab
(E 331/444), which completed their data-taking in early 1978. The exposure of
E-331/444 is summarized in fig. 1, where the p-pair production cross-section for
XF 2 0.1 in the reaction m P » u+u' + X is plotted as a function of the pair mass
M. It is seen that the Drell-Yan mechanism (DY) accounts for the yield in the
4-8 GeV mass region, between the J/y and-T—resonances. This experiment was also
the first to confront and verify the other unique predictions of DY, such as the
charge ratios at high mass o(m Carbon + pu + X) N 40(7r+ Carbon = pp + X)
and o(n~ Carbon + up + X) >> o(P Carbon - upX).

Particularly interesting is the

L e S B S S B angular distribution in the polar

[ -w * .

P j TN X ] angle 6 of the decay muons in the
oL Tt (qb Xg >0 4 rest frame of the virtual photon.

C R Pr =225 GeV/c ] The polar axis is chosen as described

by Collins and Soper.3 Our resu1ts2
are shown in Fig. 2 as a function of
cos e* for various intervals of Xs

4d3f

{J/W
10732 *
the fractional momentum of the anni-
hilating quark of the beam particle
(7). For the J/y, an isotropic dis-
] tribution is seen for all X inter-

-:{/w,

107331 DRELL -YAN
F MODEL

do/dm (cm? Gev ' c2nucleon™)

4644? 3 vals. For the DY region (M > 4 GeV),

K ) however, the distribution changes
10735 3 from ~ 1+ cos? 6" at Tow x7 (the

. ) DY prediction), to isotropic at high
1036l - X, (0.8 < x; < 1.0). This striking

3 ] effect is shown again in fig. 3,
4647; S T B L g.ong where the distribution has been fit-

2 *
Mpepe (Gev/c2) ted to the form 1 + a cos™ 8 . The
quantity a is shown as a function of

Xy The deviation of o from one at
Fig. 1. Mass spectrum of u-pairs measured Jarge x, is a signal of a production
by Chicago-Princeton group in m - 1

Nucleon collisions at 225 GeV/c. mechanism more complicated than sim-

The solid Tine is the Drell-Yan ple annihilation of on-shell massless
cross-section based on Chicago

Princeton structure functions. fermions. Brodsky and Berger have
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Fig. 2. Relative cross—section*as func-_ Fig. 3. Dependence of o on x, for pair
tions of polar angle 6, for masses M > 4 GeV. The solid
various regions of X line is the prediction of

Reference 4.
proposed4 a mechanism to account for this behavior, shown in fig. 4, in which a
single hard gluon is exchanged between the two beam valence quarks to enable
one quark to attain virtually the entire m momentum. They argue that this pro-
cess becomes much more likely than simple gg annihilation as Xy 1, and hence
modifies the angular distribution. Their prediction is shown as the solid Tine
in fig. 3. Not only does the Brodsky-Berger process affect dc/d(cose*) but its
prediction for the pion structure function integrated over angles, namely
- 2,2 “p
Xy u(x]) v (T - x1) tg M2 o Where

<K$> N 1(GeV/c)2, is explicitly scale breaking. To summarize, our results have
indicated that there is much exciting u-pair physics to be studied at high Xy

We thus have designed an experiment to run in the high-intensity m beam,
in the proton-west area of Fermilab. A major goal is to measure the pion
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duction proposed by
Brodsky.

rger and

structure function and p-pair an-
gular distribution at high X1 with
more than 100 times the sensitivity
of previous experiments.5 By mea-
suring at two different beam ener-
gies, we can search for effects de-
pendent upon pair mass M, as oppos-
ed to those depending only upon the
scaling parameter T = M7/S.

The apparatus is shown in fig.
5. Separate configurations are
used at 225 and 75 GeV/c to opti-
mize the acceptance in polar angle
e*. O0f particular importance is
sensitivity close to the beam direc-
tion, because in asymmetric events
at high x, one of the two muons is
always near the beam momentum.
Typical beam intensities should be
]09/pulse. Particles produced
in the target are bent as they
pass through the selection magnet
in such a way that only high mass
pairs, mainly inbending, are direc-
ted into the downstream spectro-

Mechanism for high—x% p-pair pro-
e

Fig. 5.

meter. Most 1owPT, lTow - x muons
are swept out. Hadrons are absorb-
ed by a filter in the magnet gap;
the filter materials are chosen to
minimize multiple scattering and
keep a reasonable acceptance.
Tracking is accomplished with
multiwire proportional chambers up-
stream of the analysis magnet and
by drift chambers downstream. Mass
resolution is better than 1.5 per
cent. Accidental coincidences be-
tween a halo muon and a muon from
uninteresting events should be the
major trigger background. To sup-

press this background, we first
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The

Detector for experiment 615.
250 GeV/c configuration is shown
in a%, the 75 GeV/c configuration
in b).
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use a scintillator hodoscope upstream of the target to veto halo muons. Also, a
trigger processor uses information from the cathode-readout pads of two mini-
drift "Pad Chambers" to decide in about a microsecond whether a trigger is worth
recording. Basically a crude estimate of pair mass is made assuming the event
originated in the target. Studies show that the processor should reduce the
trigger rate to less than a few hundred per 109 beam particles.

The acceptance of the apparatus, including effects of the trigger processor,
is shown as a function of cos e* in fig. 6, for two situations each with
MZ/S = 0.14 and Feynman-x Xg = 0.9. Reasonable acceptance is maintained out to
|coss| ~ 0.8. Typical acceptances in X1» PT’ and M are shown in fig. 7.

The experiment will run beginning in January 1982. To demonstrate its ex-
pected sensitivity, we show in the next two figures some Monte-Carlo simulations
of what we would measure if the Brodsky-Berger model were correct. First, the
scale-breaking would be clearly evident, as seen in fig. 8 where the n~ struc-
ture function is shown for two values of M at the same t. The exposures needed
for this measurement are also indicated.

The angular distributions are also very sensitively measured as is seen in
fig. 9, where the parameter o defined above is given as a function of X
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Fig. 6. Acceptance vs. cos 6% Fig. 7. Acceptance vs Xy PT’ and M.



Naturally, the experiment is not merely a test of the Brodsky-Berger effect. By
designing as complete an angular acceptance as possible we hope to explore in an
entirely general way the spin structure of the photon-hadron coupling. This has
been expressed 6 as

RS o * . * * R * /
, do/d4QdQ = NT(l + cosze*) + W sinze + wAste cos¢ + W,,sin"® cos2¢ /

where the 4 strucf‘ﬁ;é?ﬁﬁ'c;c—i;ns

!
S e e

W depend on x, PT’ and M. To separate the W's,
* *

one must have good coverage both in 6 and ¢ to prevent unpleasant correlations.

So far, E-615 is the only experiment presently planned with adequate capability.
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Fig. 8. Simulation of structure func- i
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PROPERTIES OF HADRONS ASSOCIATED WITH LEPTON-PAIR PRODUCTION

B. Pietrzyk
CERN, Geneva, Switzerland

ABSTRACT

According to the Drell-Yan mechanism a lepton pair is produced in 7N in-
teraction through ul quark fusion. The spectator d quark from the pion then
fragments into hadrons. What are the properties of these hadrons? Do they form
a jet? Do they remember the quantum numbers of the d quark? Are they similar to
the hadrons associated with the J/Y production, and to those produced in the
normal hadronic interactions?

Properties of hadrons associated with the Drell-Yan pairs and with the J/y
production were studied in the WAll (Goliath) experiment at CERN.
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1. INTRODUCTION

Most of the experimentalists skiing at Les Arcs do not like the physics pre-
sented in this article. They not only do not like it, but they even hate it!
They hate it so much that they use very brutal methods in order to kill it by
putting a very hard material just after the production target, and the hardness of

the material used depends on the brutality factor of a particular experiment.

This article describes properties of hadrons associated with lepton pairs.
The first-order analysis presented here deals with all the hadrons, that means
with the 1ow—pT hadrons. This should be interesting also for the quantum chromo-
dynamics (QCD) fans since in their future analysis of high—pT hadrons they should
be able to understand how much of the effects observed by them is just a tail of

the physics described here.

What is interesting in the physics of hadrons associated with lepton pairs?
Figure 1 presents a graph of the dimuon pair production through the Drell-Yan
mechanism in 7™N interactions. Since the negative pion is composed of the down (d)
and the anti-up (U) quarks and since the latter annihilates in the production of
a lepton pair, the d quark continues its trajectory in the forward direction and
fragments into hadrons. In a similar way a diquark from the nucleon fragments
into hadrons in the backward direction, but this is less interesting in this ana-
lysis for reasons which will become clear later. It is important to realize that
knowing the x and the mass of the lepton pair one knows the fraction of the mo-

mentum carried by the forward d quark Xy for every event (as 1 - xﬁ)l).

For the J/{ production we expect a different situation (Fig. 1). Since the
J/Y is produced mostly through the gluon-gluon fusion (at the energies of this
experiment), both the d and U quarks are fragmenting in the forward direction.

Again, here one knows the momentum of the fragmenting system event by event.

d 1-x, -1/3, 3c
u’O

WX DY
u,d W
d
d 1-x, -1,8c

g X9 p .

g /X, W Fig. 1

Graphs describing the parameters
of a hadronic system accompanying
the Drell-Yan and J/Y productions

al |cjlc <
=¥



Therefore there are basic differences for these two cases. First of all, in
the case of the Drell-Yan production, it is a system with a charge of !/s which is
fragmenting, while in the case of the J/{ production it is the whole -1 charge
Do we see this difference experimentally? Secondly, for the Drell-Yan production
(quark fusion) the fragmenting system is in the three-colour state, while for the
J/U production (gluon fusion) the fragmenting system is in the eight-colour state.
According to the QCD predictions one could expect a higher multiplicity by a fac-
tor of 9/4 for the fragmentation of the eight-colour state?). Finally, what are
the fragmentation functions? Particularly, is the d quark (accompanying Drell-Yan

production) fragmenting as a "well-established jet" (WEJ).

In order to investigate these questions, properties of hadrons associated
with the Drell-Yan and the J/Y production were investigated and compared with the
properties of hadrons produced in the normal hadronic interactions as measured in
the same experiment. All these were compared with the properties of WEJ. Since
the best examples of WEJ are those seen in the e*e™ annihilation and since the
Field-Feynman fragmentation is describing them very well, for obvious technical
reasons the Field-Feynman Monte Carlo (MC) simulation is taken as a model for
WEJ?)

2. EXPERIMENTAL SET-UP AND PROCEDURE

The experiment was performed by the Saclay-Imperial College-Southampton-
Indiana-CERN Collaboration (WAll-Goliath)") in the CERN SPS West Hall. The ex-
perimental set-up is presented in Fig. 2. Negative pions with energy between 175
and 197.5 GeV/c were interacting in three beryllium targets with a length of 3,
4.2, and 3 cm. Coordinates of outgoing particles were measured by 13 chambers
placed in the magnetic field of the Goliath magnet and three outside. Muons were
identified as particles passing through 4 m of iron and leaving information in a
few additional hodoscopes. A Cerenkov counter, which could identify charged kaons,
was not used in the analysis presented here. Every chamber had a small insensi-

tive region with a radius of 2.5 cm, where the incoming beam passed. This 'beam
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Fig. 2 The WAll-Goliath experimental set-up
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killer" was slightly displaced for every chamber in order to follow the beam
curvature. In this way an asymmetry in the acceptance for positive and negative
particles was built into the apparatus. Despite its geometrical smallness the
"beam killer" was quite important for the acceptance owing to the strong Lorentz
boost of the outgoing particles at these high energies. In addition, it increased
difficulties of the pattern recognition program in the region of high-particle
density.

In order to investigate the experimental acceptance a sophisticated Monte Carlo
program was developed. In this program a uniform distribution in rapidity and Pr
was generated for both positive and negative particles. Each particle was traced
through the set—up and the response of every detector was generated. This infor-
mation, after taking into account inefficiency of chambers, was then mixed with
a real event as measured during a standard data-taking period. Afterwards, such
a set of events was processed through the standard pattern-recognition program.
Finally, the ratio of the number of tracks surviving this procedure to the number

of generated events determined the efficiency for every bin in a table of rapidity
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Fig. 3 Distribution of weight used in the evaluation of this experiment. The
scale in p, is between O and 2 GeV/c from left to right. The scale in rapidity
is between -2 and 2.9 from up to down. Regions where the weight was set at zero

are clearly seen.
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versus pp. This procedure consumed a large amount of computer time, but it was
the only method of obtaining efficiency in a model-independent way. However,
owing to this fact the results were subject to large statistical fluctuations.

Therefore a smooth surface was fitted to the MC results.

During the data analysis every particle with a given rapidity and Py obtained
a weight defined as an inverse of efficiency. A two-dimensional plot of the weight
distribution is presented in Fig. 3. One can see that at large rapidities (above
two) there is a difference in acceptance between positive and negative particles.
In addition, for rapidities where the acceptance was very small, the weight was
set at zero. Therefore in all results of the jet MC calculation all particles
with a rapidity and Py for which the weight was set at zero (in Fig. 3) were ig-

nored.

3. EVENT SELECTION

Figure 4 shows the p*y~ invariant mass spectrum. It is worth noting an ex-
cellent mass resolution for the J/Y (0 = 31 MeV). A total of 42,456 events with
the lepton-pair mass between 2.95 and 3.25 were defined as those accompanying J/y

production. As can be seen in Fig. 4, the background contamination below the J/y

T Hlllll_ T

E N
= pa ] |
3 4 5 6 7 8 9 10
GeV

W+~ invariant mass

Fig. 4 p*yu~ invariant mass spectrum measured in this experiment. Dashed line
shows the same spectrum in a linear scale.
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peak is very small. On the other hand, the 2126 events with the p*u~ mass between
3.85 and 9.3 were selected to represent the Drell-Yan production. Finally, these
two sets of data were compared with those from normal 7 N interactions at 192.5 GeV/c

in a beryllium target measured in the same experiment.

It is convenient to define the energy of the forward hadronic system as
Xeogr = 1 - x, (Fig. 1). In this way the longitudinal momentum of the hadronic
system is described in the units Vs/2. Owing to the different mass of the lepton-

pair system the distribution of x is different for the hadrons accompanying J/y

tot
and Drell-Yan production (Fig. 5), being slightly higher for the former.
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Fig. 5

Distribution of the total longitudinal momentum Xtot
of the forward hadronic system accompanying the J/y

(solid line) and the Drell-Yan (dashed line) produc-
tion.

One of the major problems of the analysis of the properties of hadrons in
this experiment was the fact that the interactions took place not with the proton
but with the beryllium. The unpublished results of the Heidelberg—Lunds) experi-
ment at CERN show that the ratio of the number of fast particles produced in the
hadron-nucleus interaction to the number of fast particles produced in the hadron-
nucleon interaction is close to one in the forward direction, while it is strongly
rising in the backward direction in the hadron-hadron c.m.s., which may be inter-
preted as indicating that the forward-going particles do not reinteract in the
nucleus. Noting in addition that beryllium is a very small nucleus one can con-
clude that while in the backward direction one is studying basically nuclear
effects, in the forward direction one can measure properties of hadrons produced
in the elementary interaction. However, one should not forget that even there the

small (< 15%) nuclear effects are not excluded.

Bearing in mind all these considerations, we will investigate properties of
hadrons in terms of the following variables: charge flow, multiplicity, and frag-
mentation functions. It s essential to note that all the experimental and MC
curves and numbers presented in this paper are normalized to one (experimental

or MC) event.



Naively, the integration of these histograms over rapidity in the forward
direction gives a very interesting.number, the charge of a fragmenting system,
e.g. - for the fragmentation of the d quark accompanying the Drell-Yan produc-
tion, or -1 for the n”N interactions or J/{y production through the gluon-gluon
fusion. Unfortunately, the reality is much more complicated; for example, the
fragmentations in the forward and backward directions may overlap, the reinter-
actions in the beryllium target may add some positive charge also in the forward
direction; finally, even in the fragmentation of the ideal d quark jet one does
not expect to find a charge of -Y;. One should realize that for the balance of
charge only the first (d) quark and the last antiquark in the fragmentation chain
are important (the others cancel). If the last one is the d, the u, or the s
with equal probability, then the net charge is really -Y:. On the other hand, if
only the first two are produced, then the integrated charge is -0.5, while in the
case of their production with the probability of 0.4, 0.4 and 0.2 (as in the case

of Field-Feynmann fragmentation) one can expect to observe a net charge of 0.4.

Experimental results are presented in Table 1. Both the measured and
corrected—-for acceptance numbers are presented there. In addition four other
entries in this table give the integrated charge for the d and u jet MC calcula-
tion both without any cuts and after rejection of particles for which the weight
was set at zero (Section 2). Since for the experimental data the correction in
the region of the "beam killer" was not made, an extrapolated number is also given.
For this extrapolation an assumption was made that the distributions in y and Pp
for the jet MC calculation and data had the same shape, so the extrapolation was
done for the percentage of the charge loss in the MC calculation in the "beam

killer" region.

Table 1

Integrated charge in the forward direction

Drell-Yan J/ TN
Observed -0.20 -0.29 -0.33
Corrected -0.32 -0.45 -0.61
Corrected +
extrapolated -0.35 -0.52 -0.75
d corrected -0.29 -0.30 -0.28
d total -0.33 -0.35 -0.35
u corrected -0-45 -0.45 -0.43
u total -0.49 -0.51 -0.52
"N normalized to -1 -0.46 -0.70 -1.0
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4, CHARGE FLOW

The upper left corner of Fig. 6 shows the distribution of charge in the func-
tion rapidity in the "N c.m.s. for the J/¢ production (dashed line). Every par-
ticle entered this distribution with the weight of charge times the weight as
defined in Section 2. The solid line represents the same distribution without the
weight correction. It is clearly seen that the corrected distribution is dominated
by the positive particles in the backward direction, while in the forward direction
the distribution is dominated by the negative charge with the crossover at the
rapidity zero. Since the positive charge is strongly rising in the backward di-
rection, clearly showing nuclear effects, only the physics in the forward direction
is analysed in what follows. In addition, Fig. 6 shows the charge-flow distri-
bution of the forward hadronic system accompanying the J/y, the Drell-Yan produc-
tion, and in the normal hadronic interactions, compared with the same distribution

of the jet MC calculation generated for the U or d quarks.

charge ﬂoW

Fig. 6 Distribution of charge versus rapidity. Upper left cormer: distribution
corrected for acceptance (dashed line) and not corrected for acceptance (solid
line), scale from -4 to 4. The other pictures are in rapidity scale from O to 4
and show data (solid line), d quark MC (dashed line), and u quark MC (dash-dotted
line).
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It is interesting to note that the forward charge for the TN interactions
is not -1 as one could naively expect, but is about -0.75. Results of the mea-
surements in the bubble chamber®) show that this value is changing with energy

(having the above value at the energy of this experiment).

Therefore one should not be extremely happy to see the forward charge of -
accompanying the Drell-Yan production since this number is probably also varying
with energy. Therefore more interesting numbers are ratios of charges after nor-
malizing the charge in TN interactions to -1. This approach is justified since
whatever is the reason for the charge "leak" through the region of rapidity zero
it should be proportional to the charge in the elementary TN interaction. However,
admixture of positive charge of nuclear origin is not, but is considered to be un-
important since the result for the T N obtained here is, within 107 (compatible
with experimental errors), the same as that of the bubble chamber experiment on a

hydrogen target.

For the Drell-Yan production we obtain in this way a number of -0.46, in
agreement with the number 0.4 predicted above for the fragmentation of the d quark.

In a similar way, for the J/y production one gets the value of -0.7. Assuming that

the J/Y is produced partly through the gluon-gluon fusion -- giving the charge seen
in the 7""N interactions -- and partly through the quark-quark fusion -- giving the
charge accompanying the Drell-Yan production -- one finds that the fraction of the

J/Y produced through the quark-quark fusion is 57% at the energy of this experiment.

This number may be in disagreement with the evidence from the fit to other
variables of the J/{ production presented at this Workshop7) (25% of quark-quark
fusion) and with the results of Goliath (only a small contribution of quark-quark
fusion possible). However a careful study of errors in all experiments is needed
before the conclusion can be drawn on the importance of this discrepancy. Also
other effects may be non-negligible, as, for example, the influence of pion and

nucleon seas.

The errors are still to be determined, but they should not be bigger than

157 for the absolute values and, of course, smaller for the ratios.

5. FRAGMENTATION FUNCTION

The simplest variable describing the fragmentation process is the z distri-
bution, where z is the ratio of the x of every hadron to the Xeoe of the hadronic
system, as defined in Section 3. 1In this way fragmentation in the longitudinal
momentum is investigated. The z distribution both in the linear and logarithmic
scale for the hadrons accompanying J/{ and Drell-Yan production and for the normal
hadronic interactions in the forward direction is presented in Fig. 7 and compared

with the jet MC distribution. For the normal hadronic interactions there seems
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to be no difference in the fragmentation above z = 0.1, and an increase of particles
is observed below. This increase at small z is also observed for the hadrons
produced together with the J/y and Drell-Yan productions, but there it is accom-—
panied by a little decrease in the number of particles at moderate z for the J/Y
production and with much smaller statistical significance for the Drell-Yan pro-
duction. The present knowledge of the experimental efficiency does not allow us

to say how much this difference is significant (this problem is now under inves-

tigation).

0.9

0.8
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z distribution
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Fig. 7 =z distribution describing the fragmentation both in linear and logarithmic
scale. Linear scale: data (solid line), q MC (dashed line). Logarithmic scale:

data (dash—dotted line), q MC (dotted line). All curves have absolute normaliza-

tion to one experimental (or MC) event.



However, one should be very surprised that these different fragmentations are

so similar and so close to the jet MC calculation. There are plenty of reasons

why they could be different:

a)

b)

c)

d)

The quark contents of the hadronic systems are different. In the case of the
Drell-Yan production it is the d quark which is fragmenting, while in the

case of the J/Y or normal hadronic interactions, both of them are fragmenting.

Colour charges are different. The forward hadronic system is in the three-
colour state in the case of Drell-Yan production, mostly in the eight-colour
state for the J/y production, and in a mixture of different colour states

in the case of normal hadronic interactions.

Valence quarks are not the only partons in the hadrons. There are plenty of
gluons and sea partons in the hadrons fragmenting together with the valence
quarks. In the case of e*e”™ annihilation we start with the point-like quarks,
while in the soft fragmentation described here we have a system of fragmenting
partons (or quarks with a form factor). This is a difference between current

and constituent quarks.

Finally, nuclear (beryllium) effects may be important. The forward-going
partons may reinteract in the nucleus, scatter, or lose a little bit of
energy; small effects of this kind are not excluded by the present data on

hadron-nucleus scattering.

MULTIPLICITY

The measured multiplicity of the forward hadronic system is presented in

Table 2. It is lowest for the Drell-Yan production, higher for the J/y production,

and highest for the normal hadronic interactions.

Table 2
Multiplicity
Drell-Yan J/ TN
Measured 3.4 3.9 4.8
Jet corrected 4.2 4.7 5.4
Ratio 1.24 1.21 1.13

One should, however, remember that the energy of the forward hadronic system

is lowest for the Drell-Yan, higher for the J/{ production, and finally highest

for the normal hadronic interactions. Therefore it is natural to ask if this

difference is just a trivial energy dependence.
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The same table shows the values of multiplicity obtained for the jet MC cal-
culation generated according to the energy distribution of the hadronic systems.
It is difficult to compare both sets of data since the measured multiplicities
were not corrected for acceptance, but one can ask if the ratios of calculated-to-
measured multiplicities are the same. It turns out that within 107 they are.
Therefore one can conclude that the difference in the observed multiplicity comes
mainly from the energy dependence, and the colour effects discussed in Section 1

are not observed (of course in the energy region of this experiment).

7. CONCLUSIONS

The hadronic system may be described by many variables: its flavour (and
correlated electric charge), its colour charge, its geometrical size, the descrip-

tion of its '"construction" (set of structure functions).

In this work different hadronic systems have been investigated: three- and
eight-colour objects, fragmentation starting from a point-like object (e‘*e~
annihilation seen through the jet MC calculation) and from a large system (all

the data presented here), fragmenting systems of a unit or fractional charge.

Any colour effects in the multiplicity were not observed. Fragmentation of
the point-like system or large system, current quarks or constituent quarks,
three— or eight-colour system is surprisingly the same in the first approximation.
Further research will soon show if the small differences between data and MC cal-
culation observed in this experiment are effects of acceptance or contain an in-

teresting physical message.

However, one major difference is observed in the charge flow. The presence
of the d quark in the fragmentation of the forward hadronic system accompanying
the Drell-Yan production is clearly seen. The balance of charge is different
there from that of normal hadronic interactions and from that accompanying the

J/Y production.

The investigation of the properties of hadrons accompanying the production
of lepton pairs may help in the understanding of their production mechanism. In
addition, investigation of high—pT hadrons accompanying the production of high—pT
lepton pairs (not covered in this article) will give new information about higher-
order QCD effects. Finally, this research gives a perfect tool for the investi-
gation of general properties of hadron-hadron interactions. Usually, it is very
difficult to investigate them since the outgoing hadrons originate from a mixture
of many different parton-parton interactions. Here, with the lepton-pair trigger
we know which elementary parton-parton interaction took place in the initial state

event by event.



This article is a sort of a status report on the evaluation of a pioneering
experiment in this field. The evaluation continues and as usual the first results

trigger new interesting questions.

A careful observer may notice some differences between the curves presented
at the meeting and those presented here. This comes from the fact that great
progress has been made in the meantime in the understanding of efficiency. While
the data presented in Les Arcs were evaluated only with the correction for the
geometrical efficiency, for the curves presented here also losses by the pattern

recognition program are included (Section 2).

The Workshop at Les Arcs was organized in order to have fruitful informal
contacts between experimentalists and theorists. I profited from excellent con-
tacts with many physicists present at this Workshop. Particularly meaningful
were discussions I had with B. Andersson from Lund, whose influence on this work

was important.
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CHARACTERISTICS OF HADRONS ASSOCIATED WITH u+u— AT Vs = 62 GeV

V. Cavasinni*)
Scuola Normale Superiore, INFN Pisa, Italy
CERN, Geneva, Switzerland

ABSTRACT

Charged hadrons associated with U pairs at Vs = 62 GeV were measured in
Experiment R209 at the CERN ISR!). The number of produced particles was found to
depend basically on two variables: the hadronic missing mass and the dimuon
transverse momentum pp. A search for jets was made using a thrust-like analysis
of our data, comparing our results with a simple Monte Carlo calculation. This
analysis shows that the data can be explained by the production of weakly colli-

mated jets of low multiplicity emitted back-to-back in azimuth and positively
correlated with the dimuon rapidity.

%) Present address: Istituto di Fisica dell'Universita, Bologna, Italy.
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INTRODUCTION

The virtual time-like photon giving rise to p*u~™ is a good probe for inves-
tigating the intimate structure of hadronic matter. In particular, the character-
istics of the hadrops produced in association with dimuons should be strongly af-
fected by the presence of this hard process and a comparison between such events
and minimum-bias (inclusive) events could give significant infofmation about the

interaction mechanism.

General crossing arguments suggest similarities between hadrons produced in
H-pair events and hadrons generated in ete™ annihilation via a time-like photon.
In particular, a comparison can be made between the charged-particle multiplici-

ties measured in dimuon events and the values obtained in e*e™ at PETRAZ),

The original Drell-Yan model of quark-antiquark annihilation into lepton
pairs via a time-like photon makes specific predictions on the dilepton cross-
section. In this model, no correlation is expected between the dimuon and the
associated hadrons because the incident quarks not participating in the annihila-
tion fragment independently of the annihilating quarks. However, we know that
the Drell-Yan model is not adequate to account for the measured, wide Pr distri-
bution of the pair and quantum chromodynamics (QCD) corrections?) are necessary
to explain the experimental results. Quantum chromodynamics diagrams like gluon
bremsstrahlung and gluon—quark scattering, which are first order in ag, could be
the source of the large Pp of the lepton pair. In pp interactions the Compton
diagram is expected to dominate at large transverse momenta and a quark jet should
recoil against the lepton pair. This jet would be superimposed on a large uncor-
related background whick, therefore, makes its identification considerably more

difficult in pp interactions than in the cleaner e‘e™ channel.

Any recoiling jet would have low multiplicity (typically 2, 3 particles) and
large opening angles (Vv 20°), as found at SPEAR/DORIS. Such an angular cluster
would be emitted opposite in azimuth to the W pair and, if the production mecha-
nism involves a valence quark hitting a gluon or a sea antiquark, the jet would
be produced nearby in rapidity to the u pair (positive correlation)*). We shall

see that there are indications of such effects in our data.
THE EXPERIMENT

The muon detector®) was composed of seven magnetized iron toroids providing
an 18-kG field for the momentum analysis of the muons. Drift chambers, covering
the angular region 80° < 6 < 165°, were used to determine the muon trajectories

in these toroids.

The intersection region was surrounded by another set of smaller drift cham-—

berss) (see Fig. 1). These chambers determined 3-5 points for each charged
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Fig. 1 Sketch of the hadron detector in the central region

particle emitted within 9° < 8 < 171° over the whole azimuth. In the arm away
from the toroidal magnets, a third set of drift chambers7) extended the coverage

of the central-chamber system to polar angles of v 1°.

Muon trajectories were determined using the first set of chambers and were
then extrapolated backwards to provide an approximate event vertex. The informa-
tion provided by the central vertex detector was then used to reconstruct an
accurate event vertex using clear tracks in these chambers. The momenta of the
dimuons were finally calculated making use of the vertex seen by the central cham-

bers as well as the tracks in the outer chambers.

In the study of hadron correlations, a minimum J B-dl cut was imposed on the
dimuons. This cut, which was restrictive only for dimuon masses below 5 GeV, re-
duced the data sample to 2208 events but minimized background contamination. The
surviving events were analysed by a refined reconstruction program to find all
tracks, rescuing as far as possible all hits in the hadron chambers. Those tracks
fitting with the muon trajectories were excluded and the remaining tracks were

examined for correlations.
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DETECTOR PERFORMANCE

The efficiency of the hadron detector at large angles was found to be 2 907;
the number of tracks coming from secondary vertices was < 10Z. This efficiency
falls to zero in the forward direction at a pseudorapidity v 2. The uncertainty
in the absolute efficiency does not, however, influence the arguments made in

this paper.

Figure 2 shows the raw multiplicity distribution of events at vs = 62 GeV
collected with an inclusive trigger (solid line). This distribution can be com-
pared with that found by Thomé et al.S) (broken line in Fig. 2): we find that
the average multiplicity and its dispersion are both v 207 less than the measure-
ment of Ref. 8. This indicates that v 207 of tracks produced in each event were
not measured by our apparatus, mainly because of the incomplete angular coverage.
(In some of the data presented, we have corrected for this loss.) Figure 2 shows
also the raw multiplicity distribution for u-pair events (dot-dash line). We note
that (n) in dimuon events is about 3.5 units higher than it is in inclusive

events.

LA L LL L e

— Inclusive R209<n> =102 D=58
~— p-Pair R209<n>=138 D=73
—~ Inclusive Ref8 <n>=127 D=69

scale

Arbitrary

Fig. 2 Raw multiplicity distributions in inclusive events (solid line) and in
dimuon events (dot-dash line). The broken line is the distribution measured by
Thomé et al.®), All distributions are normalized to the same area.

HADRON TOPOLOGIES IN DIMUON EVENTS

Since an appreciable fraction of the energy available for hadronization can
be removed by the dimuon, one might expect that dynamical effects should be
studied as a function of the hadronic missing mass, }% = (s + mfm - 2/s Euu)l/z,
where muu and EUU are the invariant mass and the energy of the u pair. We have

made an extensive study of hadronic effects as a function of a variety of dynamical
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variables at fixed Mh' Our conclusion is that no feature of the associated had-

ron system depends explicitly on muu; the appropriate parameter is Mh' (There

is, however, an exception to this rule for a particular category of J/{ events,
which will be discussed later.)

~ ———<n>=cin M .
i /_+__;_\+ <n>=cIn h_ Fig. 3
slopex203:004 ~

12 ~ Average multiplicity as a function of
Emcmﬁw “*\ the hadr?nic missing mass, M. Thg
1% ~o -l broken line represents a logarithmic

. . L ! ! dependence.
62 58 54 50 46 42 My, (GeV)

Figure 3 shows the total (n) as a function of Mh' When minimal energy is

taken away by the U pair (Mh ~ 60 GeV), the average multiplicity is larger by

about five than in inclusive events. This shows that u-pair events are central,

highly inelastic collisions. The decrease of (n) with decreasing Mh is much
faster than the logarithmic behaviour (broken curve in Fig. 3) expected from the

dependence of (n) on /s in normal, inelastic pp collisions. The slope of the data

(approximately 6 particles for 20 GeV of Mh> extrapolates to zero (n) for Mh 2 0.

This is evidence of a minimal leading-particle effect in dimuon events.

Figure 4 is a comparison between our data and average multiplicities measured

in e*e” annihilation into hadrons?) . (The data here were corrected for the Vv 207

<n> T T T 0 T
18- Lpwo
= r Mor
" Rone
14-e*e-{ + Pluto
oJade
« Tasso
1o ° R209
8- -7 <n>=2.674096 InW
A;A-W’A At —_<n>=1. 73S
- e <n>z REFB QIIBIPWA044InW2,]
1 1 1 1 ] 1 1 1 .O\'BB
3 5 7 10 30 60 70
W(GeV)

Fig. 4 Comparison of the average multiplicity measured in e*e™ annihilations

into hadrons with the multiplicity measured in this experiment in u-pair events.
Our data are plotted versus the hadronic missing mass. The dash-dot line is the
fit of Thomé et al.®) for pp inclusive multiplicities.
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loss mentioned previously.) The ISR dimuon data in Fig. 4 are plotted as a func-
tion of Mh’ whereas the ISR inclusive data and the e"e” data are plotted as a
function of vVs. Our measurement (Vs > 40 GeV) appears to be in agreement with
e*e™ data at 10 < Vs < 30 GeV. It appears that high-energy e*e™ and pp dimuon
data have similar hadronic features, which contrast with what is found at low
energy in e*e™ or in pp inclusive interactions: the energy dependence of (n) in
the former channels differs in both scale and shape from that found in the latter

channel.

<n T T T T T T
<n> T T T T v T > o Away

o P;< 15GeV/e <n>=14. ol _ o Towards
# 0 15<py<3 <n>=146 ‘+‘
6r * 3 <pr<5 <n>=i5l ] + _+_+

=

6
£+
dk

10f- +} N | 2 3 4 5 6 pGew)
)

1 1 1 i 1 1
62 58 54 50 46 42 Mp (GeV}

Fig. 5 Average multiplicity as a func- Fig. 6 Average multiplicity in the

tion of the hadronic missing mass for hemispheres towards and away from the
three intervals of the dimuon trans- transverse-momentum vector as a func-
verse momentum, pr tion of pg

The other appropriate variable for the study of the hadronic system is the
dimuon transverse momentum, Pp+ Figure 5 shows the dependence of (n) on Hh for
three Pp intervals: the three curves are parallel (within errors) with a differ-
ence ip (n) of ~ 0.5 particles: (n) = 14.1, 14.6, and 15.1 for Pp < 1.5,

1.5 < Pr < 3, and 3 < P < 5 GeV/c. Thus, one may summarize our results in the
following way: "~ 0.3 particles are produced per GeV of Hh and an additional

~v 0.4 particles are produced per GeV/c of Poe Dividing the solid angle into a
towards and an away hemisphere with respect to the Pr vector of the dimuon, we
find (Fig. 6) that the increase of multiplicity with Py occurs in the hemisphere
away from the dimuon. In Fig. 7 (naway) is plotted versus Pr for three intervals
of Mh We note that these distributions depend on Mh only for scale: the multi-

plicity distributions factorize in their dependence on Mh and P
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Figure 8 shows the azimuthal distribution of secondaries from 0° to 180°
>
. S . .
(relative to pT) for Mh 56 GeV a—r:d Mh < 56 GeV in three Pr bins., For lower Mh’
a broad bump develops opposite to Pp with increasing Pp- This bump is not seen
in the 1arge—Mh, 1arge-pT bin. The lack of this excess may be dynamical in origin:

in selecting large—Mh, large—pT events, one selects low dimuon masses with low

200k 200
1801 180
160+ 160
0.5 <pT<|GeV/c
€=45%
7
200r 200p
150F 150
15< p <2
ool €=*16% 100is=*31%
100} 100
GOW 60J-
25< Py <4
20 €=+7% 20| €=+43%
Pe—ep—180° 0°+—¢ —180°
Mh>566eV M, <56Gev

Fig. 8 Azimuthal distribution of individual tracks relative to ;T for two bins
of My and three intervals of pp. € is the excess in the away hemisphere relative
to that in the towards hemisphere.
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longitudinal momentum (because of phase-space constraints), in practice, m lJ< 4 GeV
and Y < 1. 1If this were true, the excess in the away multiplicity should be

accompanied by an excess in the towards multiplicity.

Let us examine this low-mass region. Figure 9 shows the azimuthal distribu-
tion in this region for two rapidity intervals: as expected, the sample of J/y
events with Y < 1 exhibits a flat distribution in P We are at present study-
ing a much larger sample of J/J events to understand better the role of the J/y
in high-pT dimuon physics.

80 80
70 70
60 60
50 €=0% 50
4 OS<p<IGewc €7 -14%
90|
80t
701
60
50}
.0<p_<15
€=-1% T €= +36%)|
401 40
30} 30
20 20
'O “e=vi7% |25<p<a!Of
0v— ¢ ——I80° 0%—— ¢ —I80°
nyI.O VHL>|~O

Fig. 9 Azimuthal distribution of individual tracks relative to ;T for dimuon
masses below 4 GeV in two dimuon-rapidity intervals and in three pp bins

JET SEARCH

The general features of associated production that we have discussed so far

have shown that the dependence on the Pr of the dimuon is similar to what has been
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recoiling jet

observed®) in large-pT m production. From QCD ideas, one might imagine that in
each event a subset of the hadronic system -- a small jet, say, or a cluster of
hadrons ~- is more strictly correlated both in Pr and in rapidity with the u pair,

as illustrated in the above sketch.

The method adopted to search for a recoiling jet is similar to the '"thrust"
method used in e'e” physics. First, all particles emitted with 6 < 39° relative
to each incident beam (the fragmentation cones) were disregarded. Then, for each
group of 2 or 3 tracks, each track being identified by its direction cosines Ei’
a vector T = ZiEi was constructed. The vector T with the largest modulus deter-
mined the thrust axis (T axis), and the thrust, T, of the event is then the aver-

age cosine (of the 2 or 3 tracks) relative to this axis.

This procedure gives values of T that, for statistical reasons, grow smoothly
with the event multiplicity, as shown in Fig. 10 for both u-pair and inclusive
events. This search for the narrowest angular cluster was performed including
tracks in both hemispheres (Fig. 10a) and including tracks in the away hemisphere
only (Fig. 10b), this being where the jet is expected. We observe a similar pic-
ture in the two cases and also a similarity of clustering in u-pair events and in

inclusive ones, °

<T>| < T

1.0 - @ o Inclusive | LOJ ) * d )

e ® pL pairs d
L}
09| 1 09 LY
.4 °
08- I:I 23? | osl ¢ || >39°
ull )
¢ Away only
o7 4 arl-
2 6 10 14 8 n 2 6 10 14 18 n

Fig. 10 Average value of the thrust determined: (a) in the full azimuth (see
text) as a function of the event multiplicity in inclusive events and in dimuon
events; (b) only by tracks in the away hemisphere. In the inclusive sample the
away hemisphere was defined relative to the azimuthal angle of one of the recon-
structed tracks randomly selected.
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The possible correlation of the jet, i.e. of the T axis with the p-pair mo-
mentum, was studied further. Figure 11 shows the azimuthal distribution of the T
axis in two intervals of }% and three intervals of Pr At low Mh, the relative
away-towards excess, €, grows as Pr increases; however, this peaking is not
stronger than that observed in the azimuthal distribution of individual tracks
(Fig. 8). Even if one selects large-T, large-pT events (bottom distributions in
Fig. 11), the effect does not differ very much. Again, for large M,, any away

peaking is hardly noticeable.

301 30
20k 20

Q5< pT<IGeV/c
10r €=+29% 10
301+ 301
20L 15 < p <20 20r

€=+19% €=+59%
10F [olg
,

25<p.<40
1of T 1oF
._u"'h.r—\}‘ €-+68%
€:2+3% J
L~ -7
20 20}
25 <pT<4.O
10} 10]
jJ’r‘—+— T>085 €=+81%
€=0%
0 «— ¢p,—180° 0+— ¢p— 180°
M > 56GeV M < 56 GeV

Fig. 11 Azimuthal distribution of the T axis relative to ;T in two M
intervals for three pp bins. In the bottom distributions a large value
of T is also required.



Figure 12a shows the longitudinal correlation of the average T-axis pseudo-

rapidity, (nT), with the dimuon rapidity, y , for muu < 4 GeV and muu > 4 GeV.

uu
For muu > 4 GeV, there is a modest (v 15%) correlation between (n ) and y

uu’

This positive correlation disappears for yuu > 1. This is because of the angular
cut that we have applied at 6 = 39° (n = 1). Correlations for muu < 4 GeV are
smaller and hardly significant. Figure 12b is the equivalent of Fig. 12a, where

tracks in the away hemisphere only contribute.

® Data mFF>4GeV <777>“’
T2 o> 390 » Data my,, < 4GeV el > 39°
02| Full azimuth o Monte Carlo 02| Away only
N
Ol é’ o1l \:x/as.
i - .,
fk }\ \. - %‘, o \ |
N AN | - ° N VAR ,
-05 7 | 05 0 u,\ 20 -05 _ 41 05
s / T \.\ ‘E\}./ Ypp 9/{ Yup
./ . \ '/' ‘\‘ Ik
/ % i

Fig. 12 a) Average value of the T-axis pseudorapidity determined in the full azi-
muth as a function of dimuon rapidity for two myy intervals. b) Same as (a), but
the thrust is determined from away-hemisphere tracks only. (The broken and dash-
dotted lines are drawn to guide the eye.) The predictions of a Monte Carlo cal-
culation are also shown (open points).

These data are compared with the predictions of a Monte Carlo calculation

incorporating three sources of secondaries:
a) two fragmentation beam~jets,
b) a flat rapidity plateau at large angles, and

c) a small jet of average multiplicity 2.5 emitted at the same rapidity as the
u pair and back-to-back in azimuth (with widths of *1 and *7m/4 in rapidity

and azimuth).

The parameters of the calculation were adjusted to fit the measured longi-
tudinal distribution. The results of the Monte Carlo calculation are also shown
in Fig. 12 (open circles). One sees that they agree qualitatively with the data
for large muu. From this we conclude that, as far as our thrust method is effec-
tive, the existence of a weakly collimated jet of a few hadrons local in rapidity

and opposite in azimuth to the dimuon is consistent with our measurements.



6. CONCLUSIONS

Hadrons produced in association with u pairs are much more abundant than
in inclusive events, indicating a very inelastic collisions. This hypothesis is
suported by the large variation of the multiplicity with the hadronic missing
mass and by the agreement with the multiplicities measured in high-energy e+ e

annihilation.

The dependence of the associated hadrons on the transverse momentum of
the p pair is similar to that measured in other large—pT interactions. Small
clusters appear to be emitted at large angles in p-pair_events as well as in
inclusive ones. The correlation, both in azimuth and in rapidity, of the marrowest
of the clusters with the u pairs is stronger for large-mass pairs than for J/¥
events. The la.lr'ge—muu data can be qualitatively reproduced in a Monte Carlo calcu-
lation when a cluster of <n> = 2.5 is produced locally in rspidity and back-to-
back in azimuth with respect to the p pair and is superirmposed on a "normal

event.

The apparently different mechanism observed for the associated production

of the J/¥ is still being studied.
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SINGLE PHOTON PRODUCTION AT THE CERN ISR

James T. Lipnemann
The Rockefeller University
New York, N.Y., U.S.A.

ABSTRACT

A measurement of single photon production from p-p collisions at ISR
energies is presented.

A signal comparable to single T° production is found at large p,. A
study of associated particles favors production dominated by the firsE—order
QCD process of gluon-valence quark production q g+ q Y.
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Today I'11 be talking about an experiment measuring single photon produc-
tion in proton-proton collisions at the CERN ISR. I should first mention that
most of this work was actually done by Mike Tannenbaum, Leslie Camilleri and
John Yelton. The single photon measurement is a by-product in this experiment,
since it was designed to study high Pr 7% production, jets, and ete” pairs.

The apparatus is shown in Fig. 1. A superconducting solenoid D provides
the magnetic field for momentum measurement. Its coil is 1 radiation length
thick. The cylindrical drift chambers 2 give a momentum resolution of
Ap/p = .07 p/GeV/c and 807 reconstruction efficiency (per track). They cover

27 in ¢, and 90° % 40° in 9.

Pb-gloss
counters

50 cm

"Inside Array" "Outside Array"

Center of mass motion towards the outside array

The scintillators A give the event time. The B hodoscope, located just

outside the magnet coil, is used in this analysis to look for conversions of
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photons in the coil. Each of the counters had a solid angle of .09 sr in the
"inside" array or .14 sr for the "outside" array, the difference being due to the
motion of the center of mass at the ISR.
The lead glass arrays detected electromagnetic showers. Each had 168
blocks, 15 x 15 cm x 17 radiation lengths, with solid angles for the whole
array of .87 and 1.42 sr for the "inside" and "outside" arrays. The energy re-
solution was AE/E = .06/VE/GeV, with < 5% overall systematic scale error and 5%
r.m.s. block scale variation.
Given this apparatus, which cannot spatially resolve the two photons of
m° decay at high Pps Ome needs motivation to look for single photon events. QCD
provides such motivation, since it claims single photons, that is, events with
a high energy photon with few or no other particles nearly in phase space, are
not only interesting but relatively frequent. In particular, there are first
order diagrams representing fundamental hard scattering of partons, which pro-
duce single photons (Fig. 2a).
They allow the possibility of
y studying the gluon distribution

0% I Y e
::>~——<:\\\ function of the proton. However,
{a)

(b) (c) besides these simple q g + q Y and

q q > g Y processes, there are more
Fis. 20 complex contributions from quark
bremsstrahlung (Fig. 2b),
o2 R vy 84 + g (q v) and the infamous
L / - higher twist effects (including the
I :::>-*<<:: ] constituent interchange contribu-
(a) (b) (c) tions). Thus we must see to what

extent the data support which

.7 Y /r
/ - /
/ / .
>__< >__< mechanisms.
E— Amply motivated, we proceed to
(d) (e) (f)

oy the data, The trigger was simply
- deposition of energy greater than
I - a threshold in either of the lead
—_— ig. 2b
(g) glass arrays. This was refined off

line to require that the energy form
a cluster of 3 x 3 blocks (or smaller). To ensure the events were real, it was
required that 4 of the A counters fired, and that two or more charged tracks
were found which made a vertex in the beam intersection region.
The next step in the analysis was to locate the 2 B counters closest to a

straight line between the event vertex and the glass energy cluster center.
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Eveuts with any charged or neutral particles other than the triggering particle
were rejected. Thus the B counter information referred to the trigger cluster
alone. The effect of this cut is shown in Fig. 3. It is seen to induce no Pr
(center of mass momentum of the
trigger particle transverse to the
75 beam axis) dependence. The fraction
of events passing the cut for "in-
side" and "outside" array triggers
is due to the different solid
angles. Note that charged tracks
= which kill the event must have ¢

track # ¢ cluster at the vertex,

because of the magnetic field.

o

T 7 T T ¥

A 6 8 10 12
Prgaur (GEV/C) +

o
[X¥

Thus any bias included by this cut
is not straightforward geometri-
cally. After this cut , if there

is a pulse height in the 2 B coun-

<
vl

ters corresponding to the cluster

FRACTION OF EVENTS —=

i $ of 1.5 single ionization, the

%]
S
N
»
=
»
>
=
23

particle is.defined as having con-
verted in the coil, and the
B cluster energy is corrected (bet-

ween 3 and 47, depending on pT).

0 ' This is the working event
2 4 [ 8 10 12

sample. To deduce the fraction of
Pove(GeV/c) -

single photon events, we must use a
Fig. 3 L. . X
statistical technique, since our
B counter cut efficiency for the spatial resolution is too poor to
inside (upper plot) and outside
arrays.

see 1''s as two distinct photons.

There is a compensating advantage to the statistical technique, however : we are
limited in Pr only by event rate, not by 7’ merging, and thus have measured
y/m® to higher Pr than anyone.

In the magnet coil, the probability of a photon not converting is

v; (B) = exp (=7/9 (1-¢& (E)t)

where t is measured in radiation lengths and contains the weak energy dependence
(v1 (3 GeV) = .468; Y, (13 GeV) = .459). We measure Vobs = the fraction of
clusters in the lead glass which have less than 1.5 single ionizing pulse height

in the B counter (that is, the non-conversion fractionm).
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This fraction is much less for m’ (2 photons) than for single photons so we
can use vobs to deduce the single Yy fraction. The effect of neutral decays of
the measu red”’ production of, Kz, w%, n, n' combines with 7 to give vE(E), an
effective non-conversion fraction in the absence of single photons. This,
according to a Monte Carlo calculation incorporating production and branching
ratios, and using our cluster size cuts, varies with energy from Vg (3 GeV) =
= .237 to Vg (13 GeV) = .195. The single fraction is then derived using

vobs -vE

AT

The measured Vobs for the inside and outside arrays at two beam energies are
shown in Fig. 4. The lower curve is the calculated Vps while the upper curve is
V,« Unfortunately, the data are seen to sometimes lie below vobs’ indicating a
negative single Y contribution. The problem is that only neutral meson decays
are taken into account by the Monte Carlo. The effect of unreconstructed parti-

cles on the observed B counter

5 pulse height, with different
solid angles for the inside and
" outside B counters, is ignored.
Inside * \ Rather than attempting a
3 detailed (and model-dependent)
v 4 t Monte Carlo of the associated
2 particles, we have chosen to re-
1 normalize vE, and vy seperately
ZJ on the inside and outside for
g the hin (3.5 - 5 GeV/c) so as to
%00 3 5 7 9 1 13 agree with the earlier ISR data
gs Puges (GEV/C) = on Y/11° of Amaldi et al 4). In
% this region fY is only v 27Z. We
%L include only a pT-independent
E Outside shift (recall the B counter cut
=3 was independent of pT). This re-
5 ;\:\\ — . (] + normalisation has the advantages
that 1) the two arrays now give
1 consistent fY at all Pp 2) we
are rendered less sensitive to
0 details of cuts (e.g. 1.5
0 3 5 7 9 " 13 single ionization in the conver-
Poww (06V/<) > sion definition) 3) exact know-
Fig, 4

ledge of the coil thickness is



180

no longer needed and 4) the average value (though not the dependence) of the coil
energy loss correction drops out.

The final results for fY are shown in Fig. 5. We estimate that the
physics bias introduced by the B counter cut means that f_ inclusive = (f_ plot-
ted) x (.8 to 1.0). Combining in quadrature our estimated systematic error from
the normalization to the Amaldi data and the energy dependence of v_ and the

E
coil energy loss correction, we get an estimated systematic error of .05 in fy'

v v 1 T V v 1 v 1] v T v
o4l _
o /5 =624 GeV
03l u /s =448GeV ]
-
4
g
~ 02- 4
‘._7\
<4
Oll- | I -
— —+—_
. | L ] L o+ | | | | I )
o} 2 3 6 ) 10 2
Privig (GeV/c)
Fig, 5

In addition, there may be a 3% normalization error between the v's = 62.4 and
Vs = 44,8 data. The single photon invariant cross section obtained at vs = 62.4

is shown in Fig. 6, together with curves showing the effect of the * .05 syste~

matic error in f_.

Signal in hand we now turn to the question of prediction mechanism. To

increase statistics for this study, we combine the samples of vs = 44.8 and
62.4 GeV. Note that the first order QCD, mechanisms g q + g and q a+ Y g both
give a photon unaccompanied by other particles in the same hemisphere, while
quark brehmsstrahlung, q g > g + q Y gives a Yy accompanied by a q jet, much like

a n1°%-led fragmentation of a quark jet. About half of all events which pass the
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clean B counter cut have the
trigger particle accompanied by

at least one particle on the trig-
ger side (]n| < .7, |¢ trigger -

¢ track | < 900, n = pseudo rap-
idity). Calculating fY separate-
ly for the accompanied and un-
accompanied events (Fig. 7) we
find most y's are unaccompanied,
consistent with first order QCD
diagrams dominating over quark
bremsstrahlung.

If one assumes q g > Y q
and q q > Y g dominate, one might
ask which is more important. To
distinguish between them, we look
at charged particles recoiling
The lead-

ing particles should remember the

from the trigger side.
parton charge, if any. To define

leading particles, we measure

2
¥E T 7 Prerack PTtrig / Prerig.
We will plot the charge ratio

R, (xE) =N, (xE) / N_ (xE)- We
expect the uncharged gluon jet of
the annihilation graph to give
R, (1) > 1, while the quark jet
w;uld have R, (1) > 8 (because of
the charge-s;uared quark-photon
coupling and the relative valence

abundances of u and d quarks).

In Fig. 8, the charge ratio R, is shown for two sub-samples of the data : the

accompanied converting (fY ~ ,04 for Pp > 7 GeV/c, i.e. Y suppressed), and un-

accompanied nonconverting (fY N .40 GeV/e fer Pp > 7 GeV/c , i.e. Y enhanced).

Rt (Y enhanced) > R: (Y suppressed) at large x

and large Pps as would be expec-

ted if the gluon jet process (valence-sea annihilation) is suppressed with respect

to the valence-gluon process leading to quark jets recoiling from the single Y.

If one pushes our data to the limit and does a global fit 5) for R, Y, R,

meson to all four sub-samples (converting + non-converting) x (accomanied + un-

accompanied), one obtains Fig. 9.

The fit is based on the expression



OLRY (1+Rm) + Rm(1+RY) 1-a)

R
+ v o
*observed o (L+R) + (L+ RY) (1-a)

where o = fY for the bin, and RY n 2Te R, Y and R, meson. The error bars here
, + +

are those derived from the statistics of the fit only (£ 1.0 0 gives A Xz = 1.0).

meson
are subject to systematic errors, for example the inequality of the number of

The trend of RY > R is made explicit, but the exact values of R_ extracted

tracks recoiling from accompanied and unaccompanied trigger particles.

Thus we conclude that we have seen single photons with a cross section of
greater than 107 of that for 7® production at Py beyond 9 GeV/c, that most of
these are unaccompanied on the trigger side and that there is a larger ratio of
positive to negative particles recoiling from single photons than from neutral
mesons at high Xpe In a QCD picture these results favor dominance of 1lst order
processes over quark bremsstrahlung, and dominance of valence quark-gluon over
valence quark-sea quark production.

04/ i
-
.}
X o3 ACCOMPANIED
N
~ 02

ol +

T4
6 8

o 2 4

. '

4|n—'|o 2 14

Proria (Gev/ c)

s Y — u T

303
=
] 02
.2‘

UNACCOMPANIED +
+
.+._

t

R (GeV/c)

Fig. 7
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A MEASUREMENT OF THE SINGLE-PHOTON PRODUCTION AT THE CERN ISR

C. Kourkoumelis
Physics Laboratory, University of Athens, Greece

ABSTRACT

The production of single photons at large transverse momenta was measured at the
CERN ISR for c.m. energies 31 < Vs < 63 GeV using lead/liquid-argon calorimeters.
The ratio of single-photon to Tm® production is significantly larger than zero,
starting at p,, * 4 GeV/c and increasing to a value of 0.4 at 9 GeV/c, the largest
pr measured. Finally, using our experimental results on both the real and virtual
photons we attempt to connect the single-photon production with the dielectrons of
high P
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The observation of large Pr single photons is very topical since the present
theories predict that the single photons are produced directly in hard-scattering
processes between quarks and gluons. More precisely they predict that in proton-
proton interactions the single photons are produced mainly via the 'Compton"
scattering of a quark and a gluon, gq - Yq. Furthermore, since the photons couple
point-like to the quarks, they can be used to probe the constituent structure of

hadrons.

The apparatus used for the single-photon production measurements consisted
mainly of lead/liquid-argon calorimeters subdivided both longitudinally and late-
rally for effective hadron rejection. The calorimeters were used in a retracted
geometrical configuration, allowing thus the separation of the two photons from
the 7° decay up to the maximum P of 10 GeV/c. This permitted us to separate m°
from single-photon events on an event-by-event basis, i.e. a single photon was de-
fined as a single electromagnetic (e.m.) shower in a calorimeter, while a 7° was
taken as two e.m. showers reconstructing the m° mass. Additional requirements to
allow the identification of single photons were imposed on the shower radius,
namely a single photon was required to have a radius of less than 13.5 mm. Finally
a requirement on the "cleanness' of the event was imposed: the event should have
no additional shower in the calorimeter and all the energy in the calorimeter has
to be assigned to the triggering particle. More details about the apparatus,

triggers, and analysis methods can be found elsewhere?).

Figure 1 shows the apparent Y/m° ratio as a function of Pr together with the
background contribution calculated from the known meson decays as m°'s and n's.
The main fraction of this background is due to decays where one photon falls in
the calorimeter and the other outside. Besides the known meson decays a number
of effects which could contribute to the apparent y/m’ ratio, such as cosmic rays,
beam—-gas interactions, hadrons simulating e.m. showers, and the non-linear res-
ponse of the calorimeter were studied and included in the background calculation.
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Fig. 2 Corrected y/m° ratio after background subtraction at
a) Vs = 31 GeV, b) Vs = 45 GeV, and c) Vs = 63 GeV.

Figure 2 shows the corrected Y/m’ ratio after the subtraction of the above
backgrounds. An excess of single photons is seen in all three values of the c.m.
energies used in data taking. The y/m’ ratio rises with the pp»> from a value of
5Z at 3.5 GeV/c to a value of about 35% at 9 GeV/c of Py and exhibits no signifi-
cant ¥/s dependence. The '"cleanness" requirement discussed above introduces a
physics bias on the v/m® ratio and its effect is estimated to be 0.85 * 0.15 on

the fully inclusive Y/ﬂo.

We proceed further, seeking for a connection between our single~photon re-
sults and our high—pT dielectron results reported in a preceding talk. QCD theo-
riess) predict that both the real photons and the virtual photons -- which decay
into lepton pairs —~ are produced via the same basic mechanisms, i.e. the "Compton"
scattering and the quark-antiquark annihilation. Since our experiment has meas-—
ured both the real and the virtual photon production by two independent methods,
we should be able to compare them with each other and decide about the predicted

similarity of the two production mechanisms.
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We carried out the following analysis: we used the measured Y/m’ ratio to

calculate the expected high Pr ete” yield and then compared it with the measured
one.

The theoretical cross—section for real photon production via the Compton

scattering gq is given by the formula:

azgtheor ¢4 A B do
———d = = JI dx1 dx2 Z £ (x1)g; (x2) 88 (8+E+D) e (8,8,@) + A++*B , (1)
ydp,

T 2

where do/dt is the subprocess cross—section and fi and g; are the quark and gluon
structure functions, respectively. The theoretical calculations based on the
above formula depend, of course, on the choice of f(x), g(x), and kT, but in
general fail to reproduce the absolute value of the measured single—photon cross-

section as shown in Fig. 3. Figure 3 shows that the theoretical calculations are

p+p->y-~>X, OCM=90°

—— Contogouris et al. with G+ (1-x)*
{ I " « v G (1-x)8
-+~+ Halzen et al.

e+ Owens et al. For the other three,
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Fig. 3 The measured single-photon invariant cross—section compared
with a few recent theoretical calculations



a factor of about 2.4 below the data but, with the appropriate choice of f(x) and
g(x), reproduce well the shape of the experimental data. We attribute the extra
normalization factor of 2.0 (2.4 x 0.85) to other mechanisms which are not yet
included in the theoretical calculations. We then take the f(x) and g(x) which

)

fit the shape of our single-photon spectrum'’ and use them to calculate the ex-
pected yield of high Pr dielectrons via the Compton scattering, which is the main

production mechanism at high pT's:

11

3_theor 2

4o . ff @ dxe ) £1(x)g] (x2)86(rip, + xapy = p?) —L (8,8, + AB.
00 i

dmzdydp% dm?dt
2)

The above-mentioned additional mechanisms which produce extra single photons
should also produce virtual photons of high Pps and assuming that the production
mechanisms are not strongly dependent on the mass of the pairs, then a similar
extra factor of two should be present here as well; namely the following should
hold:

3 _pred 3 _theor
d°c ~ 2.0 d°o . (3

2 2 2 2
dm dyde dm dyde

The above predicted cross—section for the production of high Pr dielectrons
via the Compton scattering —— obtained after the integrations of formula (2)
combined with the extra factor of formula (3) -- is then compared with the ex-

perimentally measured one.
The experimentally measured cross—section®) has the form:

da 0eXp

dmzdydpz
T
y=0

b2 g25eXP

4m dmdy =0

= A(m) e"b(m)pT with A(m) =

Comparing the predicted cross-section with the measured one we find for the
ratio R:

3 €Xp 3 _pred
rR=-49 d7g =2.0 for 2<pp<4Gev/c .
dm?dydp? dm?dydp2
T| T
y=0 y=0

The above factor of 2.0 probably means that there are still more sources of di-

electron production to be considered, but in general the above analysis and re-

sult show the following:

a) the two different and independent measurements (real and virtual photons) are
consistent with each other within a factor of two,

b) the production mechanisms of real and virtual photons are similar and in sup-
port of the QCD predictions,

c) most of the high Pr lepton pairs are produced via the Compton scattering

gq * Yq, which gives a recoiling quark.

189



190

1)

2)

3)

4)

5)

REFERENCES AND FOOTNOTES

Work done by the Athens?-Brookhaven-CERN Collaboration (M. Diakonou,
C. Kourkoumelis, L.K. Resvanis, T.A. Filippas, E. Fokitis, C. Trakkas,
A.M. Cnops, E.C. Fowler, D.M. Hood, R.B. Palmer, D.C. Rahm, P, Rehak,
I. Stumer, C.W. Fabjan, T. Fields, D. Lissauer, I. Mannelli, W. Molzon,
P. Mouzourakis and W.J. Willis).

M. Diakonou et al., Phys. Lett. 87B, 292 (1979) and 91B, 296 (1980).

See, for example: J. Lefrangois, Rapporteur's talk at the 20th Int. Conf. on
High-Energy Physics, Madison, Wisconsin, July 1980.

R. Hagelberg et al., Direct photon production in hadron-hadron collisions at
the SPS, CERN/SPSC/80-106, SPSC/P 153 (1980).

C. Kourkoumelis et al., Phys. Lett. 91B, 475 (1980).



WHAT CAN WE LEARN ABOUT PARTONS FROM LEPTON PAIR EXPERIMENTS?

Louis Lyorns
Nuclear Physics Laboratory, Oxford, UK.

ABSTRACT

The information on quark, antiquark and gluon structure functions derived
from continuum and fram resonance lepton pair production is reviewed, and
compared with similar information from other sources.
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1. Introduction

In this talk, I will review the information that we can obtain fram
experiments involving the hadronic production of lepton pairs (both resonance
and continuum) concerning the partons within the initial state hadrons.

This will not include a discussion of the evidence that quarks are
coloured. For several years the experimental Drell-Yan cross-section exceeded
the calculated value for coloured quarksl). Then for a short period, they
agreed and lepton pair production was included in the list of reasons for
believing quarks are colouredz) . Now we are back in the situation where the
experimental values are a factor of ~2-3 larger than the naive Drell-Yan
prediction3). We currently believe (or at least want to believe) that this is
due to the effect of higher order QCD correction effects4) , rather than
explaining the discrepancy in terms of colourless quarks. But in view of the
uncertainties concerning the calculations of higher order QCD effects, it would
at present be foolhardy to invoke lepton pair cross-sections as giving any

evidence in favour of colour.

Another topic worthy of further investigation but not dealt with here is
whether lepton pair data provide evidence that quarks and gluons interact as
expected in terms of QCD. Again it would be desirable to have more specific
theoretical predictions before attempting a cawparison.

Thus I shall confine my attention to parton structure functions in hadrons.
The hadrons imvestigated include protons, pions and kaons. I consider
separately the structure functions for valence quarks, for sea quarks and for
gluons. Where possible the lepton pair information is compared with that
available from other sources.

2. Valence quark distributions

In order to provide an easily assimilatable picture of the structure
functions, they are presented in Table 1 in terms of parametrisations as
Structure function ~ x* (1-‘x)8
A more detailed point-by-point comparison can be made if required from the
original references. The normalisation constant is not given, as this in
general has been determined (from @ and B) to give the correct number of valence
quarks in the hadron.
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Fig.2
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The pion structure function, as determined fran dilepton production
data. The SCCEO_ Collakoration's valence structure function has been
normalised to one u quark in the 7~; they also allow for a contribution
fran the =~ sea, and obtain its structure function. The CIP and SISI
structure functions are normalised by comparing the Drell-Yan
calculation with the experimental cross-section and ignoring the sea.
The CIP values should be renormalised upwards by a factor of about 2, to
allow for their assumed dependence on A. The BCE structure functions
for valence and sea (not shown) agree well with those of the SCCEO
collaboration. The SISI and corrected CIP structure functions would be
embarrasingly large - too much momentun carried by the quarks, and too
many valence quarks. This effect can be explained by the enhancement of
the cross section produced by QCD corrections to the naive Drell-Yan
prediction. If this correction factor is approximately independent of
the kinematic variables, then the shape of the structure function may be
reliable.



2.1 Nucleons

The proton valence structure function is determined from the difference in
PN and pN lepton pair productions); the numbers of events used are 275 and 35
for the two reactions. The statistical accuracy is far inferior to that of the

neutrino exper imentse) .

We may hope in the future to obtain information on u(x)/d(x) in the proton.
The ratio R of lepton pair production in n+p and 7 p experiments is expected to
tend to 1/8 for large (=M2/ s), provided that u(x)=2d4(x). There is
evidencele) and prejudicel7) that the distribution of d quarks falls off faster
than that of u quarks, in which case the R limit is below 1/8. The current data
(see fig.l) are suggestive, but higher statistics in a region away fram the T
would be useful.

2.2 Pions

The situation for mesons differs fram that concerning hadrons, since lepton
pair data currently provide the best information on meson structure functions.
Four experiments 7-10) have analysed their wp + u+u_ data to extract pion
structure functions. These are listed in Table 1, and are shown in Fig.2; a
more detailed discussion and comparison can be found in ref. (18).

The exponents ¢ are in the range 1-1.5. These campare (favourably?) with
predictionslg) based on counting rules of 0, 1 or 2. In view of this spectrum
of predicted values, the question of at what value of 02 they should be compared

with the data becames irrelevant.

Pion structure functions have also been determined 12¢13) by analysing
forward particle production (in reactions in which at least one of the incident
and outgoing particle is a pion) at small transverse momentum in terms of the
20)

recombination model Another method involves camparing the production of

large transverse momentum jets in 7N and in pN reactionsll); their ratio is
related to the structure function ratio of pions and of protons, with the latter
taken from neutrino experiments., These alternative methods yield structure
functions or parametrisations consistent with those fran the lepton pair

experiment, but they involve more assumptions concernirg the reaction dynamics.
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2.3 K

The ratio U(K)/u(n ) has been obtainedt? by comparing lepton pair
production by negative pions and kaons in the same apparatus and in the same
beam. The ratio, shown in fig.3, is consistent with unity at small x, but falls
at x > 0.6. This is in agreement with expectationsu) , based on the larger mass

of the remaining s quark in the kaon, compared with the 4 quark in the pion.
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Fig.3 The ratio R=ug-(x)/uy—(x) of the u quark distribution in a K- as
canpared with that in a n~., The fact that R falls below unity for x>0.7
can be understood in terms of the kaon's s quark being heavier than the
pion's d quark.



3.

|-l+u— mass spectrum, using valence quark distributions as determined fram deep
inelastic experiments

Sea Quark Distributions

In pN experiments, the nucleon sea can be extracted by fitting the observed

22) 23)

or by subtracting nucleon total

structure functions as determined by a camparison of pN and PN data.

and valence

The

exponent s (see Table 2) is much larger than 3 for the nucleon's valence

distributions, and 1is in tolerable agreement with that determined by the CDHS
groupl6) fran WwN data.

A comparison of the sea structure functions as obtained fran the lepton

pair and deep inelastic scattering experiments is shown in fig.4. It is
apparent that the lepton pair data tends to be at larger values of x than most

of

Fig.4

those fraom the neutrino experiments, but appear to be somewhat larger,
perhaps by a factor of 1.5-2, This is the well-known enhancanent of the
cross-section above the simple Drell-Yan prediction.

1 o Lepton pairs (Ref. 22)
F . V([Ref. 6)

a VI(Ref 32)

*10'1t- +

o | b,

10—2 —

10'3 1 1 1 1 P

1
0.2 0.4 0.6

X —

The nucleon sea as determined fram lepton S)air production data22) (open
circles) and fram neutrino experiments6'32 (solid circles and triangles
respectively). The quantity g plotted as a function of x 1is u+d+2s;
this cambination arises naturally in the neutrino experiments, and is
deduced _in the_ lepton pair experiment fran the parametrisations
u=d (1-x)3+5 and s=(u+d) /4. The larger value of the sea at x~0.2 for the
lepton pair data as campared with the neutrino experiments is the same

phenomenon as the enhancement of the observed leptom-pair cross-section
above the Drell-Yan prediction.
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The CFS collaboration??) have also investigated whether the T and &
distributions are the same. They find that they obtain a better fit to their
,u+u_ mass spectrum with G(x)/d(x) = (l-x)s', with s' = 3.5¢1.5. An independent
confirmation is provided by the rapidity distributions of their lepton pairs
(See fig.5). Since the collisions involve a beam proton and a target nucleon,
the angular distribution is not required to be symmetric about 90° in the centre
of mass system, and indeed we expect an enhancement in the forward hemisphere.
The observed magnitude of this effect is consistent with a value of s'~2.5.
Because the proton contains two valence u quarks and one valence d, the uu sea
pairs could be suppressed at larger x with respect to dd pairs because of the
influence of the Pauli principleu); a QCb calculat:ionzs) also predicts d>u.

1.5

1.0}
05+
0 1 1 i ]
0.2 03 0.4 05
Vi —

Fig.5 The CFS data?2) on 400 GeV/c PN collisions, showing that the dilepton

air § ptoduced preferentlally forwards. The quantity 2 .is
9 [2n( 8% )]y=¢ i.e. it is the fractional rate of change (with
dy  dyd/t ..
respect to rapidity) of the cross-section, evaluated at 90° in the
centre of mass system. Symmetry of the cross-section aboqt 90° would
imply 2=0, while positive Z corresponds to an enhancement 1n_the forward
hemisphere. The two curves are predictions for Z as a functlop of V1,
obtained fram a Drell-Yan calculation, using structure functions fgr q
obtained fram deep inelastic scattering experiments and for q obtained
by the CFS group fram their dilepton mass spectrum. The solid curve
corresponds to u=d, while the dashed curve is for u/d=(1-x)3.5,



The pion sea can be determined fram a camparison of = N and n+N lepton pair
experiments. The exponent of the sea has been measured as 6.9:2.9 by the SCCEO
collaboration7) and ~5 by the BCE grouplo) . The sea has also been determinedlz)

from forward meson production experiments via the recombination model, with the
result s = 3.5+0.2. The magnitude of this sea contribution, however, is such
that the entire momentum of the pion is carried by the valence and sea quarks,
leaving none to be ascribed to gqluons (in contrast to the ~50% gluon
contribution as determined in neutrino experiments on nucleons). This
"enhanced" sea is said to be due to the production of extra qg pairs during the
long time scale of the low pT reaction. Thus the sea as determined by the
recombination model may have little in common with that seen in hard scattering
exper iments.

4. Gluons

In neutrino interactions, the existence of gluons is inferred fram the fact
that they do not interact with the weak current; their structure function is
deduced fram those of the quarks via the QCD evolution equations. In hadronic
scattering processes, however, gluons can themselves interact, and hence their
properties can be deduced more directly. Lepton pair experiments are relevant

in two different ways:

*
(a) The contribution gg + g"y" to large Pp continuum lepton pairs.
(b) Resonance production via a gluon fram each of the initial state hadrons.+

The CFS group22) have used method (a) to deduce the exponent of the gluon's
structure function. It is to be noted that their data extends only to
pT~4 GeV/c. Their fit to the data includes a prescription for the effects of
confinement at low Prpe Their wvalue of g .presunably depends on the input
assunptions and parametrisations used in their overall fit.

The major QCD correction to the Drell-Yan process, especially in NN
reactions, is fram the gg+gy mechanism. However, this has a steeper
deperdence on the lepton pair transverse momentum than the gg+qy mechanism,
which should thus daminate at large enouwgh pr. It is this which in
principle allows the high pp data to determine the gluon structure
function.

Vector mesons do not couple to 2 gluons. It is thus necessary to assume
that a soft gluon is radiated in the process, and that this does not affect
the determination of the structure functions.
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Barger et a126) have used the second method for ¥ production in pN
interactions, after allowing for a small qg»Y¥ contribution. Similarly Mchen27)
has used the SISI collaboration data on 7 p»¥ to determine both the pion and the

nucleon gluon structure function. These values are all presented in Table 3.

They are to be compared with exponents of 5 from the counting rulesze); 5.3
fran the CDHS neutrino data6); ~5 from Barger's fitzg) to ¥ photoproduction

data; and the Feynman-Field parametrisation24)

1-x%a+9%

In the future we may hope that similar fits to data on pN+T may give
information on the gluon structure function at a 02 of 100 Gev2 This could
then provide evidence for or against the scaling violation effects expected on
the basis of QCD.

Similar analyses with meson beams give information on the gluon structure
functions of mesons. Thus McBaen27) finds that g=2.3:0.3 for pions, while
Barger obtains a value of ~3 for both pions amd kaons. The counting rule
prediction for gluons in mesons is g=3.

5. Conclusions

It is clear that we are emerging fram the time when the predominant
question was:
"Ate lepton pair experiments consistent
with parton model calculations?"
into the era of using such data to provide new information on parton properties.
We can hope for this to be a fruitful field for many years.



Quark Particle
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Table 1 Valence Structure Functions

. . a B
The structure functions have been parametrised as x (1-x)

Method

o and pntutu”
VN and N
Counting Rules

LI T

High P jets

Recambination model
Recambination model

Counting rules

Kytutu”

Recambination model

Counting rules

Reference

ScCro”)
cons®

scceo’)
c1p®
sis1?
Bcgl0)
Drisn)
Ai tkenhead?
13)

2)

Hwa

sccpol?
ce™>

Ai tkenheadlz)

7)

(a) p structure function fram "N is similar’’.

(b) If @ is fixed at 0.5, B = 3,(¢.3

(c) Vvalue of @ is fixed at 0.5. _
(d) Valence and sea contributions to u in meson are not separated.

3 B 2
&
0.8%0.3 3.3%0.5 ~20
0.51%*.02  3.03%.09 20
3
0.4%.15 1.07%.12 ~25
0.5 1.27*.06 ~25
0.5 1.57+.18 ~25
0.44t.12  0.98t.15 ~6
~CIP
1.0%.1
0.8%.2
0,1o0r 2
See fig 2 ~25
Like SCCEO ~6
2.5%0.6
Same ag T

Comment

a) b)

c) d)
c) d)

qd)
qd)
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Table 2 Sea Quark Structure Functions

The sea quark structure functions have been parametrised as As (l—x)s

Hadron Quark Method Reference
M- crs??)
d Total-valence st. fn. SCCEO>F 23
VN, VN cous®
p s v, N cous?
Mv"u" spectrum CFszz)
/3 Rapidity distribution CFSzz)
Pauli Principle Feynman24)
€D Rosszs)
TN and THNPHTUT scceo”
- + o hy- 10)
s Nom-strange 4 ™ N and ™ N*M M BCE

Recombination model Ai tkenheadl 2)

Comments:

(a) For G(x)=d(x), s=8.5°0.5.

(b) As and s for the neutrino data are for (u+d) /2.
(c) Enhanced sea.

0.25%0.15

0.82%.08

3.5%1.5

5.4%2.0
~5
3.5:£0.2

2
(cav)
~30
~20
20

20

~30
~30

~6

Comments

(@)
(b)

(c)



Table 3  Gluon Structure Functions

The gluon structure functions are parametrised as (l—x)g. The normalisation of
these structure functions in general has been chosen as 2/(g+l) to ensure that
50% of the hadron momentum is carried by the gluons.

Hadron Method Reference g Q2
= - - (GeV?)
Overall fit crs22) 4.1:0.2 ~36
pN » ¥ Bargerzs) ~4.6 10
N >y McEwen??) >5.1:0.6 10
Nucleon
Counting rules 5
Neutrino data + QD cpas® 5.3:1.5 20
Wy Barger?” ~5 10
\.High B, Feynman2?) 4 4
aN s ¥ McBwen??) 2.3:0.3 10
N + ¥ Barger26) ~3 10
Mesons KN » ¥ Barger2®) ~3 10

Counting rules 3
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BRIEF DESCRIPTION OF THE NA 10 EXPERIMENT

K, Freudenreich
CERN, Geneva, Switzerland

ABSTRACT

The most recent dimuon experiment, NA 10, at CERN is briefly described. It
studies inclusive dimuon production at high incident flux and high mass resolu-
tion. NA 10 is a collaboration of CERN, ECOLE POLYTECHNIQUE PALAISEAU, CRN and
University Louis PASTEUR STRASBOURG and ETH ZURICH.
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The NA 10 experiment is installed in the North Area High Intensity Facility
(NAHIF) of the CERN SPS.

The NAHIF H10 beam line can transport primary protons (later antiprotons)
and negative secondary particles with momenta up to 450 GeV/c and positive secon—
dary particles with momenta up to 300 GeV/c. The secondary beam has a large
acceptance (+107 momentum bite) and a small spot size at the focus (r.m.s.
radius = 2.5 mm). An intensity of 5 x 10!? protons/burst on the production target
yields 4 x 10® m/burst at 280 GeV/c and 2.5 x 10° 7~ /burst at 200 GeV/c. The
beam line is rather short (190 m) and is equipped with magnetic spoilers to fight

the important muon halo.

Figure 1 shows the layout of the NA 10 spectrometer. At a distance of 0.4 m
downstream of the target a 4.8 m long hadron absorber is installed. In the
centre it consists of a W/U core which begins 1.2 m downstream of the centre of
the target. This core is surrounded by high-density graphite (p = 1.9 g/cm®, i.e.
8 absorption lengths) in a cone defined by the acceptance of the magnet, and

embedded in iron and concrete blocks.

MAGNET CPS

-

TARGET POSITION

DUMP i
DUMP {end view) SCINTILLATOR HODOSCOPE

R1-2-3-4

Fe

=

Fig. 1 NA 10 experimental set-up
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The magnet of the spectrometer is a toroid. It has six 42° air gaps which
are defined by wedge-shaped iron pole pieces. In pulsed operation the field

integral is 3 T*m at the mean radius of 0.75 m.

Upstream and downstream of the magnet there are two scintillator hodoscopes
R, and four multiwire proportional chambers PCy. The last hodoscope R, is placed
behind a 1.2 m long iron filter. All detectors have the same ‘sextant structure
as the magnet. The whole apparatus can be expanded longitudinally in order to

preserve scaling (and resolution) when changing the incident energy.

Figure 2 shows diagrammatically the trigger principle. Elements of the front
hodoscopes R, and R, select trajectories which come from the target and reject
those originating in the W/U core of the absorber. To suppress accidental trig-
gers from high-multiplicity hadronic showers only events with less than 6 counter
hits per sextant are accepted. A fast matrix logic selects for each R ‘R, coin-
cidence elements in the allowed range of the back hodoscopes R; and R, corres-
ponding to a given p, range. A two-particle trigger is obtained by forming the
coincidence of two such single-particle triggers in non-adjacent sextants.

Adding the two p,'s permits a rough on-line dimuon mass selection (muu = py, Py,

Events in the J/Y region are prescaled.

The installation of the experiment was finished by April 1980. After a short
period of running-in we took some data with 280 GeV/c T~ at 4 x 10° ©/burst
before the pp shutdown in June 1980. We used four different targets: 12 cm W,

6 cm W, 9.1 cm Cu, and 30 cm C, the last three targets having approximately the
same ratio of target length/absorption length. Targets were interchanged on a

regular basis and the magnet polarity was periodically reversed.

|
T4 PLANE
A
L=
t P |
T T b L
| ! pLz bVt o
| 1
| ABSORBER ! ! . % — &
' | : : PLZ07Geyic FILTER
! | ; H ] Fo——
i ;
] B 1
1
/ i i
t ‘ |

e
TARGET

Fig. 2 Trigger principle. Single-particle trajectories for four p, values are
shown (at Pp- = 280 GeV/c).
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Fig. 3 Raw p*u~ mass spectrum for 7 Cu interactions at 280 GeV/c

Figure 3 shows the raw dimuon mass spectrum from the Cu target for events
having both tracks going through air sectors of the magnet. The resolution at
the J/¢ peak is 3Z. This agrees with the predicted resolution and extrapolates
to 27 at the upsilon. The data are not corrected for acceptance and for the
trigger prescaling in the J/¢ mass region. One sixth of the events in Fig. 3

come from a run without prescaling.

Such data will allow the determination of the A dependence of dimuon produc-

tion as a function of mass, p,, etc.



THE EXPERIMENT UAl AT THE pp COLLIDER

J. Strauss
CERN, Geneva, Switzerland
and

. Institut fir Hochenergiephysik der
Osterreichischen Akademie der Wissenschaften, Vienna, Austria

ABSTRACT

The pp collider project at the CERN SPS will provide the opportunity for
experimentation at c.m. energies ten times higher than ever reached before with
accelerators. The associated physics programme is described. Some features of
the UA1l detector are listed, and its lepton-detection capabilities are discussed.
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INTRODUCTION

The pp collider!) at the CERN SPS will be operational in a few months from
now. Antiprotons are produced by the CERN PS, and then precooled, cooled, and
accumulated in the Antiproton Accumulator ring. Bunches of antiprotons are then
injected into the PS, accelerated, transferred into the SPS and further accelerated
(together with proton bunches circulating in the opposite direction) to an energy
of 270 Gev >73), The c.m. energy of the collision will hence be 2 x 270 GeV. The

design luminosity is 10%° em™? s7!, i.e. about 50,000 hadronic events per second.

The rate of production of antiprotons together with their acceptance in the
accumulator is one order of magnitude below design at the moment. It may turn
out to be impossible to produce and accumulate 10'2 antiprotons per day. In such
a case the luminosity at a given intersection region could be increased by a good
order of magnitude by minimizing the B value during special high-luminosity runs.
Superconducting quadrupole magnets would have to be installed on either side of
the intersection region, about 6 m away from the intersection point. We are con-
fident that a reasonable luminosity will be reached soon after switching on and

running in of the SPS in the collider mode.

PHYSICS PROGRAMME

Two underground areas are available for experimentation, and will be shared
by five experiments“). The physics programme is concentrated on the following

subjects:

a) Search for the weak bosons W' and Z° ).

b) Production of new flavours®).

c) Study of the Drell-Yan continuum”) .

d) Physics at large Pr ®) and low Pp °),

e) Measurement of the total and elastic cross-sections!?),
f) Search for magnetic monopolesll).

g) Surprising hadronic events'?).

The possible detection of the weak bosons is clearly the primary motivation

behind the collider project, as was already pointed out in the original proposall).

Production of weak bosons, Drell-Yan pairs and 1arge-pT hadrons is supposed
to proceed via hard scattering between point-like constituents of the colliding
protons and antiprotons at effective c.m. energies of up to 150 GeV and higher.
The well-defined theory describing these high-Q* (or small-distance) interactions

13) yith its characteristic scale-

is perturbative quantum chromodynamics (QCD)
breaking pattern: the Z°-production cross—section rises by an order of magnitude

between Vs = 300 GeV and Vs = 600 GeV in the case of QCD, compared to a factor of
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two in the scaling parton mode1%958) | We will however not be able to study this
effect at the beginning of collider operation as the 2° rate is marginal even at
design luminosity and Vs = 540 GeV. Cross—sections for Z° production at varying

/s would be better accessible at Isabelle and the Tevatron.

Analogous QCD effects for production of Drell-Yan pairs at lower Q? do exist
but are less dramatic in our energy range [see Fig. 1, compare Q* = (88.66)2 GeV?
and Q2 = 100 GeVz]. At Q? values above 400 GeV? there is no counting rate for
Drell-Yan pairs even at design luminosity. Despite some reservations, 2° and
Drell-Yan production will probably become a powerful laboratory tool for checking
and upgrading our present views on strong interaction theory during extensive

second-generation experimentation after the weak bosons are found.

Special interest will be devoted to large-pT hadronic events which will pro-
bably strike the eye when looking at their jet-like structure. We will have the
unique chance to follow in detail how 1arge-pT phenomena evolve from the low—pT
régime. Better understanding of the transition region between soft scattering at
small transverse momenta and hard scattering is one of the central issues in strong

interaction theory.

Finally, surprises are always possible when one enters a new and unexplored
land. Quarks may become free, and magnetic monopoles may be produced. The usual
hadronic event may differ drastically from what we are used to. Centauro events
contain about 100 charged particles and no neutrals. They may start to show up

at our energies.

THE UAl FACILITY

UAl is a collaboration between the following institutions: Aachen, Annecy,
Birmingham, CERN, Collége de France, Queen Mary College, Riverside, Rome,
Rutherford, Saclay, and Vienna. Let me comment briefly on the principles behind
the design of the detector. The central detector!*) should provide enough infor-
mation to resolve difficult high-multiplicity events. Many space points per track
are therefore measured, and the obtained high degree of redundancy is further used
for particle identification by dE/dx. The momentum resolution Ap/p is better than
0.001 x p (p in GeV/c) over most of the detector volume when using the vertex in
the fit. Special care has been devoted to the problem of keeping the central de-
tector shells as thin as possible, so that conversion of photons from m° decays
is not more copious than internal conversion (i.e. Dalitz decays). Electro-
magnetic calorimeters!®) surround the central detector to measure with high pre-
cision the energies of electrons and photons. The cell-size of the electromagnetic
(e.m.) calorimeters is large, with the advantage of keeping the number of photo-
multipliers (PMs) small., Large position corrections have, however, to be applied,

and a careful mapping of the calorimeters is compulsory. Proper adding of the PM
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signals will provide us with a 207 resolution for the trigger threshold. The
e.m. calorimeters are surrounded by hadronic ones!®) to trigger on hadron jets,
to serve as the return yoke for the magnet, and as the filter for muonsl7). Two
forward arms with momentum measurement, and e.m. and hadron calorimetry down to
2 mrad complete the 4T feature of the experiment. More details are given in

Tables 1 to 4, and the general layout is presented in Figs. 2 to 4.

Installation of the various parts advances quickly. Our aim is to have a
checked and calibrated detector when the first collisions will take place in late

summer or autumn 1981.

LEPTON-DETECTION CAPABILITIES OF UAl

Momenta of electrons and muons are measured in the central detector. Then
the energy of the electron is measured with high precision in the e.m. shower
counters, and the muon has to pass through about 1 m of iron before identification
in the muon chambers. Neutrinos can be detected and measured by missing transverse

energy.

The electron to charged hadron rejection ratio has been investigated in a
test beam. It is found to be better than 1:200 at 10 GeV and 1:500 at 40 GeV.
The contribution of m° Dalitz decays and conversions of photons from m°'s depends

® spectrum, and is expected to be less than one part in 10°.

on the shape of the T
The contamination of the muon signal is dominated by decays of charged pions and

kaons, or non—interacting pions punching through 7-8 absorption lengths.

The fact that electrons and muons are both measured in the same experiment
may turn out to be very valuable not only from the point of view of doubling the
rates for the weak bosons, but also because the same physics can be studied in two

independent channels, which are subjected to different systematic biases.

CONCLUSIONS
(The items are ordered according to increasing demands for luminosity.)

a) The first 1000 events will suffice to measure Centauro-type events and other

exotic effects (if present) in the first week of collider operation.

b) Large-pT physics will start to become accessible already at moderate lumi-
nosity. Based on a simple calculation, we expect to collect about 250 jets
with Pr (jet) > 20 GeV/c per hour at L = 102% cm™2 s~!, most of them due to

gluon-gluon scattering.



c)

d)

e)

At a luminosity of 102° cm™2 s™! (the most probable figure during the first

year of collider operation) we éxpect a total of 5-10 Wt bosons per day which
decay into e*v or u*v. The rejection against hadrons will be about 1:200 or

better (for electrons) and 1:1000 or better (for muons). Neutrino detection

will provide another rejection factor of about 10. The characteristic asym-

metry behaviour (see Fig. 5) will tell us that the leptons come from the weak
bosons.

At the design luminosity of 10%° cm™ s™! we expect a total of 5-10 Z° bosons

+

per day which decay into e*e™ or w*u~. The rejection ratio against hadron

pairs will be 1:(500)% or better.

An extensive second generation program to check and upgrade strong—interaction

theory will be possible by using weak-boson and Drell-Yan signatures.

I would like to express my thanks to C. Rubbia, P. Aurenche, K. Eggert,

B. Humpert, J. Saas and M. Spiro for numerous comments and discussions.

215



216

1)

2)

3)
4)

5)

6)

n
8)
9)
10)
11)
12)

13)

14)

REFERENCES

C. Rubbia, P. McIntyre and D. Cline, Proc. Int. Neutrino Conf., Aachen,
1976 (eds. H. Faissner, H. Reithler and P. Zerwas) (Vieweg, Braunschweig,
1977), p. 683.

S. van der Meer, Proton-antiproton colliding beam facility, report
CERN/SPC/423 (1978).

Design study of a Pp colliding beam facility, report CERN/PS/AA 78-3 (1978).

UAl: A. Astbury et al., proposal CERN/SPSC/78-06 (1978);

UA2: M. Banner et al., proposals CERN/SPSC/78-08 (1978), and CERN/SPSC/78-54
(1978); V. Hungerbuhler, these proceedings.

UA3: B. Aubert et al., proposal CERN/SPSC/78-15 (1978);

UA4: G. Matthiae et al., proposal CERN/SPSC/78-11 (1978); R. Battiston
et al., proposal CERN/SPSC/79-10 (1979);

UA5: M.G. Albrow et al., proposal CERN/SPSC/78-70 (1978).

a) R.B. Palmer et al., Phys. Rev. D 14, 118 (1977);
L.B. Okun and M.B. Voloshin, Nucl. Phys. B120, 459 (1977);
b) C. Quigg, Rev. Mod. Phys. 49, 297 (1977);
c) R.F. Peierls et al., Phys. Rev. D 16, 1397 (1977);
d) F.E. Paige, Zn Proc. Topical Workshop on the Production of New Particles
in Super High Energy Collisions, Madison, Wisconsin, October, 1979
(ed. V. Barger and F. Halzen), and BNL-27066 (1979);
e) B. Humpert and W.L. van Neerven, Phys. Lett. 93B, 456 (1980);
P. Aurenche and J. Lindfors, Phys. Lett. 96B, 171 (1980); preprint
CERN TH.3016 (1981); -
R. Kinnunen and C. Rubbia, CERN/UA1l/pp Note 67 (1981).

D.M. Scott, Zn Proc. Topical Workshop on the Production of New Particles in
Super High Energy Collisions, Madison, Wisconsin, October 1979 (ed.

V. Barger and F. Halzen);

Wojcicki, Rapporteur's talk, to be published in Proc. Int. Conf. on High
Energy Physics, Madison, Wisconsin, 1980.

w

F. Vannucci, Acta Phys. Polon. B12, 21 (1981).

P. Darriulat, Ann. Rev. Nucl. Sci. 30, 159 (1980).

H. Boggild and T. Ferbel, Ann. Rev. Nucl. Sci. 24, 451 (1974).

U. Amaldi and K.R. Schubert, Nucl. Phys. B166, 301 (1980).

L.W. Jones, Rev. Mod. Phys. 49, 717 (1977).

R.W. Ellsworth et al., Phys. Rev. D 23, 771 (1981), and references therein.

J. Ellis and C.T. Sachrajda, preprint CERN TH.2782 (1979);
Yu.L. Dokshitzer et al., Phys. Rep. 58, 269 (1980).

M. Calvetti et al., Nucl. Instrum. Methods 174, 285 (1980), and 176, 255
(1980) ;

M. Barranco Luque et al., Nucl. Instrum. Methods 176, 175 (1980);

B. Hallgren and H. Verweij, preprint CERN-EP/79-133 (1979).



15)

16)

17)

217

L. Allemand et al., Nucl. Instrum. Methods 164, 93 (1979);

E. Locci and M. Spiro, Nucl. Instrum. Methods 164, 97 (1979);

J.C. Thevenin et al., Nucl. Instrum. Methods 169, 53 (1980);

J. Colas and J.C. Lacotte, Nucl. Instrum. Methods 176, 283 (1980);
B. Aubert et al., Nucl. Instrum. Methods 176, 195 1T§Bo);

M. Della Negra, Preprint LAPP-EXP/80-07 (1980);

J.P. Lees, Thesis, LAPP-EXP/81-01 (1981).

M.J. Corden et al., Zn Proc. Int. Conf. on Experimentation at LEP, Uppsala,
1980, to be published in Physica Scripta;
R.K. Bock et al., preprint CERN-EP/80-206 (1980).

K. Eggert et al.,, Nucl. Instrum. Methods 176, 217 (1980), and 176, 223 (1980).



218

Table 1

Central detector

Detector type Drift chambers with drift space of 20 cm

Read-out Three-dimensional read-out by continuous
digitization in drift direction, and
charge division along the wires

Number of space points per 110 (on an average)
track
Tilt of drift angle about 25° (at nominal magnetic field)
Resolutions 0 = 250 ym (in drift direction)
G = 17 of wire length (along wire)
o = 6% for dE/dx
Mass resolution for z° (FWHM) I = 8 GeV/c? (at 797 efficiency)
I' = 7 GeV/c? (at 65% efficiency)
Calibration and alignment Straight tracks are generated by X-rays
Table 2

Electromagnetic calorimeters

Detector type Lead-scintillator sandwich (25 rad
lengths) with BBQ read-out; drift tubes
for better space resolution in forward
direction

Read-out Amplifiers attached to low-gain PMs;
2 ADCs per PM separated by a factor of 30
in sensitivity

Resolutions
a) Angular region o(E) = 0.15/VE + 0.01

25° < § < 155° ("gondolas") | o(x) = 4 cm/vE (space resolution along 8)
o(y) =16 cm/VE (space resolution along ¢)
o(E) = 0.12/VE,

t t
b) Angular regions

5°, 8 < 25° and

155° < < 175° ("'bouchons")

¢) Mass resolution for z° T = 3.5 GeV
(FWHM)

Calibrations

a) Mapping of calorimeters 1) ®%Co source

2) Betatron

b) Long-term stability of PMs Laser calibration system. Monitors:
241pm (imbedded in NaI) and vacuum diode;
light distribution by optical fibres




Table 3

Hadron calorimeters

Detector type

Iron scintillator sandwich with BBQ read-
out

Resolution

o~ 0.8//E

Calibration

(Long-term stability of scintillators and
PMs.) Laser calibration system with
source monitors.

Table 4

Muon detector

Detector type

Large-area drift-tube chambers

Angular resolution

o =1 mrad

Trigger

a) Fast trigger to reduce rate at L =
=10%° cm~2 s~! to less than 1 kHz
b) Microprocessor trigger (to select

stiff tracks aiming at vertex)
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Fig. 3 Cross—section through the UAl detector (along the beams)
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Fig. 5 Three-dimensional plot of the single lepton
spectrum in pp collisions at Vs = 540 GeV (from
Ref. 5e)



UA2, A DETECTOR TO STUDY
pﬁ INTERACTIONS AT THE SPS-COLLIDER

V. Hungerbiihler
CERN, Geneva, Switzerland

ABSTRACT

The principal aim of the UA2 detector is to detect the production and decay
of Wt and Z° bosons. The design combines large solid angle coverage with compact-—
ness and simplicity of operation. It includes electromagnetic and hadronic
calorimetry in the central region and magnetic spectrometers in the forward and
backward cones equipped for electron detection. A high resolution vertex detector
provides an accurate measurement of the event topology. In addition a small
azimuthal wedge in the central region is instrumented to explore new aspects of
PP interactions at very high energies.
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1 - Physics Interest

1)

The injection of cooled antiprotons into the SPS and their acceleration
to 300 GeV opens up the possibility of studying PB collisions at a centre—of-mass
energy /s = 600 GeV where many new phenomena are expected to occur.

In particular with a luminosity L = 10%° o::rn_2

s 'it becomes possible to
produce a significant number of Wi and Z2°, the weak intermediate bosons of unified
gauge theories, if their production cross section is of the order of a few
100 ? cm? as predicted by current QCD calculations.

In the Weinberg Salam model, with sinZOw = . 23 the masses of the gauge
bosons are mo = 89 GeV/c? and = 78 GeV/c? and their branching fractions into
the electron channels 2° -+ e+e- and Wi -+ eiu are 37 and 87 respectively.

The V-A coupling of the W's to quark and lepton doublets is expected to

result in a strong forward-backward decay asymmetry.

2 - The Experimental Apparatus

The detector 2) is largely dedicated to the observation of the hadronic and
leptonic decay modes of the weak vector bosons (Wt, 2°). Nevertheless, the resulting
apparatus is very suitable for the detection of other expected —or unexpected-
phenomena.

A constant and major concern has been to maintain simplicity and compactness
in the design, as imposed by the constraint of operating the detector in the
difficult environment of the SPS tunnel.

For this reason, and because of the good energy resolution obtainable in
lead-scintillator sandwich counters, we have concentrated on the electron rather
than the muon decay modes of the W and Z2°. Electron identification is therefore
instrumented over nearly 47 sr by lead-scintillator sandwich counters.

A drawing of the entire detector is presented in Fig. 1. At the centre of
the apparatus is the vertex detector, a system of cylindrical proportional and
drift chambers, that will measure particle trajectories in a region free of
magnetic fields. This detector is under construction at LAL, Orsay (Table 1). In
the central region, covering #1 rapidity unit about 0, the vertex detector is
surrounded by lead-scintillator sandwich counters followed by hadron calorimeters.
The calorimeter assembly consists of 240 independent cells, each cell covering
15° in azimuthal and 10° in polar angle. This is a compromise between minimizing
dead space and providing sufficient space resolution. Light is collected with
BBQ-doped wavelenght shifting light guides. Each compartment is viewed with 2
light guides and 2 photomultipliers to provide information on the position of the

shower so that light collection efficiency corrections can be made (Table 2).
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The extension of hadron identification to forward angles was not considered, because
it would need the addition of very voluminous and expensive calorimeter elements.

As noted above, an electron-positron asymmetry in the W-decay is expected in
some models, with the most significant signal between 20° and 30°. Our apparatus
iLeasures this asymmetry. The angular range to cover, and the angular dependence
of the electron energy (harder electrons at smaller angles) indicate a toroidal
field as a suitable configuration to perform the charge measurement. The polar
angular regions of 20° to 37.5%and 142.5°to 160° are each instrumented with a
toroidal magnet consisting of 12 coils. The average field integral along particle
trajectories is .38 Tm. Each region between two adjacent toroid coils is followed
by a set of 9 drift chamber planes with an average lever arm of 80 cm. Together
with the vertex detector, these forward/backward (F/B) chambers allow reliable
charge measurements on electrons up to 60 GeV/c transverse momentum. The F/B
drift chambers are being built at NBI, Copenhagen, and at the Istituto di Fisica
Nucleare in Pavia. Each drift chamber set is followed by a converter of 6émm Pb and
proportional tubes for an accurate measurement of the position of electromagnetic
showers. This allows an improved rejection of the overlap background (a low momen-—
tum hadron track near a 7°, simulating an electron in the calorimeter that follows)
and a better hadron rejection. The tubes are constructed at the University of Bern.
The proportional tubes are followed by the F/B calorimeters, consisting of lead
scintillator sandwiches and covering the same solid angle as the toroid magnets.
The F/B calorimeters are built at CEN, Saclay (Table 3).

The detector is blind below 20° causing the loss of some wt and 2° decays.
However the identification of electrons in this region would in any case have
been made more difficult by higher particle densities, higher average particle
energies, and beam-halo background.

The momentum measurement of charged secondaries in the central region would
permit the measurement of charged particle inclusive production, and greatly
benefit the study of jet strucutre at large transverse momentum, free quark
production, etc... To this end a 30° azimuthal window will be opened in the
calorimeter in the first phase of operation of the detector and equipped as a
magnetic spectrometer. The use of the calorimeter iron as the return yoke of the
magnetic spectrometer allows a very compact geometry. Electron identification
remains possible in this azimuthal wedge because of the presence of a large
lead—-glass wall behind the magnetic spectrometer. The field integral is of the
order of 1 Tm and charged particle trajectories are measured in a set of 12 large
drift chamber planes. This "wedge detector" is composed of elements left over

from a previous CERN-Saclay experiment at the ISR (Table 4).
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In the symmetric configuration the total acceptance is = 637 for Z° - e+e_
and = 757 for wi -+ gﬁu ;5 it is independent of the pT—distribution of the produced
boson, up to at least <pT> = 10 GeV/c. Thus, with a Z° production cross section
of 2 x 10°°° cm? and the leptonic branching ratio mentioned above, .14 detected
z° - e+e- per operating hour are expected. The mass resolution at the Z° peak

is expected to be = 1.57.

3 - Trigger and Data Acquisition

To trigger on the electronic decays of the intermediate vector bosons, only
the electromagnetic calorimeters are used. The pulse~heights of 4 adjacent
calorimeter elements are linearly added and integrated. The trigger then consists
of requiring two such energy clusters above some minimum pT—threshold or one
above a higher threshold. The background comes mainly from the neutral component
of jets, whose Pr spectrum drops sharply. Thus, we expect to be able to keep
the trigger rate near 1/sec without any significant loss of W or Z events by
setting the thresholds in the 10 GeV/c pporange. Other triggers are being
designed, such as very large amounts of electromagnetic or hadronic energy
deposited in the entire calorimeter, large particle multiplicity etc...

The data acquisition will be done through a VAX 11/780 computer. Four other
minicomputers will be available for parallel detector testing before runs and

for in-depth monitoring during data-taking.

I would like to acknowledge numerous useful discussions with P. Darriulat

and L. Di Lella.
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TABLE 1

VERTEX DETECTOR

Cylindrical chambers in magnetic field free region, consisting of :

- 4 multiwire proportional chambers (MWPC) with cathode strip readout

2 Jade type drift chambers (JC) with charge division and multihit
readout ; 6 sense wires per JC

- 1 cylindrical scintillator hodoscope
- 1.5 radiation length of tungsten followed by a MWPC
Angular coverage : 2m in ¢, 20° to 160° in ©

Resolution : 200 im in all 3 projections

Number of points per track : 16 in each projection

TABLE 2

CENTRAL CALORIMETER

Lead-scintillator and iron-scintillator sandwiches consisting of :

- electromagnetic compartment of 26 lead-plates of 3.5 mm and
27 NE 104 scintillator plates of
4 mm (total : 17 radiation lengths)

- two hadron compartments of 18 and 22 x (15 mm iron plate + 5 mm
scintillator) respectively (total : 4.5 nuclear absorption lengths)

Angular coverage : 2m in ¢, and 40° to 140°in 0

Readout : 2 BBQ doped light guides and
2 photomultipliers per compartment

Energy resolution : 1§E for electrons = 8oz
VE %5

for hadrons

=lQ




228

TABLE 3

THE FORWARD/BACKWARD DETECTORS

24 magnetic spectrometers, each consisting of

(toroidal) magnetic field of .38 Tm

- 9 drift planes with 5 cm drift space

- 6 mm lead converter followed by 2 planes of proportional tubes

- 24 radiation lengths of lead-scintillator sandwich calorimeter,
followed by a 6 radiation length hadron veto.

Angular coverage : 80% of 2m in ¢, 20° to 37.5°and 142.5 to 160° in 6

Spatial resolution : 200
1
1

|
[

Energy resolution :

im in bending direction (drift chambers)
m in non-bending direction (drift chambers)
cm (proportional tubes)

152
i

for electrons

TABLE 4

WEDGE DETECTOR

Large angle magnetic spectrometer, consisting of :

- Magnetic field of 1 Tm

- 12 planes of drift chambers (2.5 cm drift space, resolution of left-right

ambiguity)

- 28 counter scintillator hodoscope for time-of-flight

- 2 cm of iron, followed by a scintillator hodoscope, acting as a shower

counter.

280 blocks of lead glass, 14 radiation lengths deep

Angular coverage : 30° in ¢, 55° to 125° in 6

Ap

127

Momentum resolution : — = 27 p (magnetic field) ; % = —== (lead glass array)

P V/E

Spatial resolution : 200 um /charged particles)
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THE K FACTOR IN LOWEST ORDER PERTURBATION THEORY AND BEYOND

R.K. Ellis
Theoretical Physics Division
CERN
1211 Geneva 23
Switzerland

ABSTRACT

The calculation of the perturbative corrections to the Drell-Yan mechanism
due to gluon radiation is illustrated. The results for the total cross-section
and the cross-section differential in the rapidity calculated in order (oLs) are
presented. Conjectured forms which resum the higher-order terms are reviewed.
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The hadronic production of muon pairs occupies an almost unique place among
the set of hard scattering processes described by the parton model for which the

1)’2). It owes this pri-

corrections due to gluon radiation have been calculated
vileged position to the fact that the calculated cross-section is predicted to be
roughly twice as big as one would expect from the naive parton model - in substan-
tial agreement with the experimental data 3). Moreover the reason for the size of
the correction term which comes from the diagrams involving quark-antiquark anni-
hilation can be simply understood. The only embarassment which mars this scenario

is that the first order correction is so large that it casts doubt on the validity

of the perturbative approximation. Nevertheless the simple explanation of the

size of the correction terms encourages the belief that, because of their connection
to the cancelled soft singularity, the large terms in the correction may be singled
out and resummed leaving a small residual correction amenable to perturbative treat-
ment. The muon pair production cross-section is thus on a par with the cross-section
for electron-positron annihilation in providing strong evidence (albeit indirect)

for the existence of gluon degrees of freedom.

As indicated elsewhere in this volume, the strength of the basic Drell-Yan
formula lies in the definite prediction which it makes for muon pair production
using as input parton distribution functions from deep inelastic scattering. Thus
we will be able to make a firm prediction in QCD only by calculating the radiative
corrections both to deeply inelastic electron nucleon scattering and muon pair pro-
duction, It turns out when we perform these calculations that both these quantities
separately contain infinities because of the energy degeneracy between an incoming
massless quark state and the state containing an incoming quark together with
parallel gluons (and in higher orders quarks and antiquarks). However, these in-
finities are independent of the particular process and hence can be factored out
in a universal way in both processes and absorbed in an infra-red "renormalized"
parton distribution function. To control these infinities in the intermediate
stages of the calculation we choose to continue the dimensionality of space~time

to n dimensions (n = 4-2¢).

From the diagrams of Figs. 1 and 2, we obtain, for the deep inelastic scatter-

ing (DIS) structure function F2



: * :Z

(a) (b)
j '

(c) (d)

Fig. 1 - Dpiagrams contributing to the Fig. 2 - Diagrams contributing to the
process y*+g+q+X through to order as. process +yY*+G»g+X in order Qg+

where t = ln(QZ/pz), 1/ = 1/e + Ln4m - Ye and p  is an arbitrary mass-scale

and qo(y) and Go(y) indicate bare parton distribution functions.

1+ 22

4 3 _ 1
qu(z) =3 [U—"ZI 5 5(z 1)] ) PqG =3 [z2 + (1—z)2] (2)

and
_ %) { 2y (&n(1-2) 3 !
asfq,g(z{ Tiop 3 (1+32)( 1 -z g+ T2 (1—z)+
_1+22 82+ 3+ 22 —(g— + %;) 8(z=1)

1 -2z (3)

a

a T

O {2+ (eayt) o [02)] 4 g (-2)}

4

)=

(4)

The coefficients of the singularities in Eq., (1) are the normal Altarelli-

Parisi functions 4). In accordance with the philosophy outlined above we define
the "renormalized" quark distribution functions beyond the leading order by b
Fz(x,t)

q (x,t) =
(5)
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We now proceed to the corresponding calculation for the Drell-Yan process. The
corresponding diagrams are shown in Figs. 3 and 4. The contribution to the total

cross-section is given by (dropping obvious over-all factors) :

+
(a) (b} — — W
TYTe———
——VWW —————haslansis
+
D PPN ——
(c) (d)
Fig, 3 - Diggrams contributing to the Fig. 4 - Diagrams contributing to the
process g+g¥y*+X through to order o process g+G*y*+X in order as.

o, fld_*i flf’i {[# e a8 + (1= 2].

daq? o ¥ *2

[6(z—1) + 0(1-2) C_: 2 qu(z) (t -%) + o fqm(z))]
B ) s a0 ) 6P )+
xy qo X, o (%, + (1« 2)]|.

o

(t - L
[9(1 -z) I fe-g) Poala) * ag fG,DY(Z)]}

(6)
where z = QZ/lex2 and the finite parts are :
o 2
_ s 4 o2y (Znl1-2)) _ , 1+ 22 dn:z
3 “q,DY 2) = 2m 3 3h (1+2%) ( 1T-2/, 1 -z
2n?
= =8] &(z - 1
3 N )z (7)



OLsf(},DY z

o
( )=2—s %§<zz+(1—z)2)2n(1—;z—l—2— - g 22+ 2 +3
2
(8)

Using these relations we find for the total Drell-Yan cross—section the formula

do :\,f & 2 ;[Q[I] (x1 t) q[z] x B + ( 1<—>2)].
X
1

sz X 2

. [5(1-z) +a (t) 0 (1-2) [fq py(z) - 2fq 2(z):”

[(q B (x, 00 + c_l[l](x1,t)) 6Ll 0,0) + (15 e)]'

. [us(t) o (1-2) (f‘G,DY(Z) - fc,e(z)>J
9

3
[(~)— -6 - bz + 2(1+22) (M)‘

-z -
+ Z

+ (1 +%112) §(z ~ 1)]}
(10)

o
% fG,DY(Z) - fG,2(Z)>=_2% %21 [(ZZ+(1—Z)2) n(1-z)

+§zz—5z+§]$
(11)
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Although the individual terms Eqs, (3), (4) and (7), (8) are dependent on the par-
ticular method chosen to regularize the infra-red divergences any such dependence

cancels out in the differences Eqs. (10), (11).
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In order to make a preliminary estimate of the size of these terms we define

moments as

1
£(n) =[ 0}
Z

(12)

In Fig. 5 we have plotted the quantities in curly brackets in Eqs. (10) and

(11), so that in the case of the

qq terms

Q® ~ 100 GeV2 we see that
.he

Whilst it is true that

We therefore concentrate

(10) which are giving

40 the scale of the corrections is given by
multiplying the quantity plotted by Ots/2 me
27r(f;rj:w-21:"_)2) Taking a notat:.ona; value of &S/Z‘IT ~ (1/20)
0l - appropriate for
el for this value of o the qq corrections
P
r L7 $(24n%n T3 are by no means small compared to 1.
gluon corrections (expanded scale) are ne-
20~ gative and small.
in the evaluation of the cross-section the
i gluon corrections will be convoluted with
ol a substantial gluon distribution tending to
increase their effect, for reasonable para-
L metrizations of the gluon distribution they
A 4 s 8 o 2 14 n will remain small.
AR SN NN DU S S . .
0 —_ our attention on the quark-antiquark terms,
w n
021 2T (T Toe)
-041- (expanded scale)
-0.6 The terms in Eq.
-0.8 - .
o large corrections are

it have been possible

Fig. 5 - Plot of the moments of the
Drell-Yan correction terms as a func-
tion of n.

of these terms before
The answer is that in
have. Consider first
distribution 2(1+z%)(8n(1-2)/(1-2)),. The calculation of the
the real-gluon emission graphs for the leptoproduction and the

be represented, in a slightly schematic notation, as

F

t
2 O 4 1 4+ g2 max dt
zmé(z1)+2ﬂ3—1_z A +
min
DY o t
acPt s 4 1422 f max dt
Qg ~ - + —= = JLAR Cay 2t
8(z 1 or 3 2 1-1z + t
aQ? min

the last two. Would
to predict the form
doing the calculation ?
large measure we could
of all the logarithmic
logarithmic terms in

Drell-Yan process can

(13)

(14)
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where the integration over the final two-particle phase space is represented as
an integral over the four-momentum transfer squared. The value of tmin in Eqs.
(13) and (14) is common to both integrals and depends on the particular method
chosen to regulate the collinear divergences. The values of thax ©O0 the other

hend depend on the particular process and are, for leptoproduction

whereas for the Drell-Yan process we have

2
G NN =
max Z s

(16)

Performing the integration we obtain, in this extended leading logarithmic
approximation
[¢3
L 1422
o (£ o-e2r )2 2 EE L gn(4-y)

s " Tq,DY q,2 or 3 (1-2) (17)

The above derivation is valid for values of z < 1. In order to see how the
expression in Eq. (17) becomes the distribution (2n(1-z)/(1-z))+ (a result con-
nected with the cancellation of the soft singularities) we have to consider the

also virtual graphs.

The other large term in Eq. (10) is the delta function at z = 1 with coef-
ficient (1+§n2). A term of size wz in this result is associated with the virtual

graphs. In DIS we find for the virtual graph, Fig. 1b
gy = o f e 3wl N r(uer®tize) [22 3 g
q Y Lo 3 _qz r(1-2¢) 2 €

For DIS, q2 = -Q2 <0 whereas for the Drell-Yan process q° = Q" > O. For the
latter process we therefore obtain (Fig. 3b),

o 4 fum2¥ r(+e)r?(i-e) [F2. _3_ g4 g2
_ .M s 4 U A VLAY I WL +
Re ¥ (@) =¥ {1 " 3 (Qz ) r(1-2¢) [ 2 F ]
(19)

The extra ﬂz term cores from the mismatch between spacelike and timelike between
the two processes. It is important to note that this explains some but not all of

the terms proportional to wz.
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More precise estimates of the size of the correction terms are shown in
Fig. 6a,b where the quantity

Drell-Yan cross-section in O(QS)

K = (20)
Drell-Yan cross-section from naive parton model

is plotted for pN and T N collisions using reasonable parametrizations for the

parton densities,

v T T T I T T T TFTT T
E 20
20— N ot T
AN 4 -
N 18
18- -« ~
~_ 5 i
SN z 16 |-
z 1l ~ ?
;? 16 ( ) / xf
. a 06 .
qqtnody 14 |- /-
14 [~ , —| /
- '/ - ‘ qg (no O) /
12|- /  -q6 - 12} ; -
- B - : ‘ a
1.0 TR <Rl [T T L P | P IR
001 005 01 05 1 001 005 01 05 1
T T

Fig. 6 = Plot of relative contributions to K factor of various pieces
of the cross-section for pN scattering (left-hand figure) and T N.
scattering (right-hand figure).

For both cases, the total qq correction has two components. The correction
labelled § 1is the piece having the same kinematic structure as the lowest order
coming from the delta function in Eq. (10). This term is a decreasing function of
T because as we go out to larger values of T the running coupling constant as(QZ)
decreases. The rest of the correction (as one might expect from the growth with n
illustrated in Fig. 5) increases as one goes out to larger values of T. The end
result is that for both cases the total correction is approximately constant at

presently accessible values of T because of these two compensating effects.

The first order corrections to the differential cross-section in the rapditiy
or in Feynman Xp have also been calculated. There are no problems in principle
in the extraction of the rapidity differential cross-section from the corresponding
parton differential cross-section - but the algebra is complicated by the need to
make the poles in the differential cross-section manifest so that they may cancel

from the final result,
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In practice this requires the definition of plus distributions

1 1
£(x) = f(x) - f£(1
[ o A / ax 2 = 20)

(1 - x
(21)
which are normally defined to span the range from zero to one., Using this defini-

tion the plus distribution integrated over a restricted range becomes

1 1
£(x) = f(x) - £(1) -
-/;dx (lfx)+ _[ =) + £(1) 2 (1-a) (22)

In the naive parton model the rapidity differential cross-section is given by

2
QZZd o _ - A - Ho(xi , xg) (23)
aQ? dxp (x1 + x2)
where
hrg? _ 2 7 =12} -
A= g Balaprg) =T e [qgg ) ) + 2]
and

1 ————
x1=2<x + x%‘+)4.t)), xg=1'/xf1>
(25)

The full O(as) formula takes into account the cascade of partons from values

X (x2) greater than x(l’ (x;) due to the emission of gluons and is given by 1),5) :

Q% _, 1
aQ%ax;, (

oft)
1/ 05 %2 ) [1 oy 3B “2‘“”]
F

(26)
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where

%s ) an{1-z) 3 !
9 8lz) = 303 [ 23y (“22)(7—-ﬂ v (“1—“):]

and H(xl,xz,t) is the analogous function to that defined in Eq. (24) for parton

(27)

densities defined in terms of Eq. {5) and

P (x, = x3)(x, + x7)
x, (1 - 2] (x, +x,) (28)

The last term in Eq. (26) contains a product of two distributions and must be
handled with care. A different treatment of the doubly singular terms and plus
distributions is given in Ref, 5) but the formula agrees when account is taken of
these differing definitions. For further details and the formula for quark gluon

scattering the reader is referred to Refs. 1), 5).

It turns out, as illustrated in Fig. 7, that the enhancement of the cross-
section above its naive parton model value is substantially independent of y.
This result is not unexpected in view of the connection of the large terms with

soft radiation.

/a-a86ev Vot 8.76ev, XM . 90
r =.03 T = as =.26

(a)

Fig. 7 - Corrected x differential cross-section (solid line), lowest
order differential cross-section (dashed line) and gquark gluon contribu-
tion (dotted line) plotted vs. x_. Only relative normalization of the
curves is important, Curves are gor PN scattering at Vs = 27 GeV.



6) is based on

The conjectured form of the resummed Drell-Yan cross-section
simple arguments coming from QED. The quark form factor is believed to have an

asymptotic form

Q? a_{q2) 4n(q?)
F (q2) + exp - %./. dq% -~ r T

en q% \29)

which leads to a form for the squares of the form factor
2

lim F(Q?) = ew [& %@ T,z]

Q2+ @ F(-q2) 3 on (30)

In a similar vein the lnzn pieces illustrated in Fig. 5 can be treated

e (a?)
o)y 0‘S(QZ) L oan? n > exp S ban?a
on 3 2r 3
(31)
(n) o (q2) a (?)
do o1+ ;ﬂ l?— tn? n > exp —25———- %g en? n
aq? " (32)

We therefore find a form for the dominant terms in the moments of the K factor

given by

a_(Q?)
2 s 16
w_ e 7 [ 5 TJ

) F(‘Qz) GS(QZ) 8 -
= 2
exp ‘ P 3 2n< n

™
(33)
In view of the experimental importance of the K factor it is clearly of great

importance to try and put formulae such as Eq., (33) on a firmer theoretical basis.

At a simpler level there is still much work to be done checking which other hadronic

processes undergo similar enhancements.
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FIRST ORDER CORRECTIONS TO LEPTON PAIR
PRODUCTION IN PERTURBATIVE QCD

G. PLAUT

Physique Théorique, Université de Nice

do
ABSTRACT : We have recently computed the differential cross section —— for

lepton pair production, and the decay angular distribution of the paggz &

up to first order in the strong coupling constant ag. In this contribution we

insist on the present status of such calculations as a first step beyond the LLA.
Then attention is forcussed on the way we handle infrared and colineard sigularities.
We show some numerical results and briefly comment about the suprisingly good
phenomenology one gets with first order corrections to the Drell-Yan model in
perturbative QCD. In particular the "K-factor" is found to be approximately cons—
tant in 7p and pp collisions, in good agreement with the CERN-NA3 experiment, so
that in the framework of this first order calculation the shape of the pion struc-
ture function extracted from dilepton production in mp collisions is approximate-

ly correct.
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I. INTRODUCTION

Lepton pair production is now a classical topic in perturbative QCD. The

zeroEP order is just the so-called "naive" Drell-Yan model 1). First order correc-
tions include both initial and final single gluon graphs, and virtual gluon cor-

rections (fig.1).

The "naive" model alone yields a cross-section which has quite a right shape
but is too small by a factor of 2. Moreover it cannot account for the observed
transverse momenta of the lepton pairs. First order (FO) corrections go in the
right direction for both diseases (size of the cross-section, transverse momenta),
but they suffer from infrared and colinear divergences and have to be regqularized.
Infrared divergences cancel when one adds real and virtual gluon contributions;
to get rid of colinear singularities, one uses Politzer's observation that they
are universal so that they can be consistently absorbed into the unknown, uncal-

2)

2
culable bare structure functions . One thus gets universal "effective Q -depen-
dent structure functions", in terms of which corrections to the naive Drell-Yan

model are finite.

Indeed, when these singularities have been removed, there remain to all order
large logarithms (typically ln Qz/Qg) which are in a manner their remembrance,
and have to be summed in some way if one wants a perturbative expansion to make
sense; the summation is achieved in the so-called leading log approximation (LLA)

where it amounts to perform the evolution of the structure functions with
Q2 2,3,4)

In this contribution I will present the main points of our recent calcula-

5.6) of FO corrections to the Drell-Yan model. These calculations can be vie-

tion
wed as a first step beyond the LLA and as an illustration of universality up to
first order in as. I will insist on both points of view as well as on the way we
handle the singularities of the partonic cross-section and on the numerical
results. So, in part II, I will try to situate our calculation within the frame-
work of the LLA. Then I will present in part III our explicit calculation of the
singular part of annihilation graphs to FO in as. Part IV will be devoted to some

comparison with experiment whereas,in part V,I will deal with FO corrections to

decay angular distributions.

II1. THE LEADING LOG APPROXIMATION AND THE FIRST ORDER CORRECTIONS

In this part, we want to situate briefly our FO calculation as a first step

beyond the LLA. We first recall the regularization algorithm initiated by

2
Politzer ); for simplicity, we limit ourselves to FO in as; to this order the
deep inelastic scattering (DIS) structure function F

2
the compendium by K.Ellis 7). We use his formulae and notations, to define an

is given by formula (10) of



effective Qz—dependent structure function (SF) qf(x,Qz) in terms of the bare SF
2
9o (%/Q )

2 2 2 2 2
F,(x,97) /x = ; e q.(x,9) = Z e [qof(x) + b (x,Q ﬂ ()

One can see in ref.4) that Aqf so defined includes both constant corrections and

large logs. Keeping only the logs, one can evaluate the moments of qe with respect
. 2,3)

to x and find :

{n)

2, _ (n)
e (@) = ane

2,2
2
{1+ as a, gn Q /1) (2)
where an is the moment of some function. The bracket in the RHS of (2) diverges
when y1 - 0. However, following Politzer, we do not bother about this divergence

since it has to cancel with some corresponding infinity in qof(n), in order for

(n)

the physically significant quantity q (Qz)to be finite.

If one now defines effective SF in the Drell-Yan process and compute them up
to the same FO in as, one finds the same FO correction as an in Q2/u2 to the mo-
ments of the bare SF. This is the famous miracle of universality, not fully a
miracle however since the same Feynman graphs occur in both reactions; the defi-
nition of the effective SF is thus the same in the DY process and in DIS. Univer-
sality may be proved (in a highly non trivial way) to hold to all orders in the
LLA, and, as a consequence, the DY model is exact in the LLA provided one uses
Qz-dependent SF extracted from DIS.

A possible first step beyond the LLA consists in keeping, in addition to the

5’8). This we have done

leading logs to all orders, constant terms up to order o
in ref.5) where we compute (keeping both logarithmic and constant terms) the lep-
ton pair production cross-section up to FO in ogr in terms of the DIS structure
functions. The leading logs are then incorporated to all orders through the use
of Qz-dependent SF a la Altarelli-Parisi 4). As an illustration of universality,
we observe that all infrared and colinear divergences as well as log Q2 terms

cancel in the final results which amount to finite corrections to the DY term.

III. ANNIHILATION CORRECTIONS TO FIRST ORDER IN as

We have computed in ref.5) all logarithmic and constant FO corrections to
the Drell-Yan model according to the scheme discussed in part II. Here I will
focus my attention on the singular terms coming from annihilation graphs. My no-
tations are those of ref.5); when I consider partonic subprocesses, I call t1 and
t2 the fractions of incident hadron momenta taken by initial partons. We thus

have for the hadronic cs :
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1 1 .

2 AL 2

do/daQ” dy = § f at, J at, o (t,, t) do/daQ” dy (3)
i x1 x2

where x1 = /?-exp(y), x2 = /?-exp(—y) as in ref.7). Qi(tl' t2) is a suitable pro-
duct of SF depending on the subprocess, and d@l/dQ2 dy is the corresponding parto-
nic cs. To regularize, we chose to take massless quarks, but massive gluons with

5)

amass U >+ 0 . Thus the singular terms which have to disappear in the final

results are of the form &n Qz/u2 or lnz Q2/ u2.
We compute the partonic annihilation cs in three steps :

i) First step. We consider the subgraphs of fig. 1b. Defining the Mandlestam

variables in the usual way, we find :

a® _ Thor tt)) {é‘z
7
+ t2x1)

2
dQ” dy t1t2 (tlx2

(4)

where A = 16 uz ds/27 SQZ. Henceforth, we focus on the first term in (4) which
may be seen to be the only singular one on the frontier of the phase space when

AN
u + 0. Indeed t u = Q qi<+ u2 Q2 and this term may be written

AA 2
do,/dQ” dy = A R(t, t,, x,, x,)/Dlt,, t,, x4, X,) (5)
where R is a regqgular function and :
- 2 -
D(tl’ tyr %y, x2) = (t, - X (E, - x,) + /28y (T - &y tz)/(t1 t) (6)

It is convenient to divide the domain of integration in the (tl’tz) plane into
four parts; for this purpose we introduce an auxiliary small number & which has
to verify 1>>e>>u2/s. The function D_1 gets singular in regions I, II, III when
u > 0 (see fig. 2). To get tractable expressions, we replace the singular contri-
butions by distributions with accurate weights before going to the limit py - O :
D= s(t, - xp) 8(t, - x) | Dlatar, + 8(t, - x)8_(£)) o lae
" 1 1 2 2 1772 2 2771 2
1) (11)
-1 -1 (7)
+ - 6
G(t1 xl) s(tz)f (III)D dt1 + ee(tl) 6€(t2) D
where ee(t) = 8(t - (1 + &) x). One has to compute the weights assigned to the
singular distributions in (7) before taking the limit e,u + 0. Region (I) gives

the so-called infrared singularity. One has indeed :



plat.at, — & at, at, 1 2 o ¢?
Y200 =gt wy- 2 ™ 2 8
D o @ 10 u

(note that &ne are artifical singularities which disappear in the final result).
Dealing in the same way with regions II and III, we finally get for D_:l the fol-

lowing sum of distributions :

2 2
-1 R _ 1,2 97«
D u——>0>6(t1 xl) 6(1’_2 x2) 3 n uz (9)
slt, - x,) 20% (¢, - x,) tpe »
+ 0 (t) ——— 2n 3 + (le>2) + 6 _(t)) 8 _(t) D
1 1 Wix (kg + %)

In the next two steps, we will see that the large logs in d'c\izl\ (coming from (9))

cancel with those coming from the contributions we now take into account.

ii) Second step. We add the virtual corrections of order ots which give the

following contribution : (10)
v N
a8'/a0” ay = 1/2 & 6(x, - x,) 6(t, - x,) [} an20?/u%+ 3zngz/u2-7/z+n2/3]
When dGV is added to dg?, the le12Q2/u2 are seen to cancel according to the Block-
Nordsiek theorem.
iii) Third step. To benefit from universality, we make the substitution

G0+ g0 + 8,07 - 8PP x,0D) = q0”) - ™D (an

. 2 . : :

in the DY term. g(x,Q") = qo + Ag is the effective DIS structure function compu-
ted up to the same order cxs within the same regularization scheme. Remark we
need here only the quarkonic part of AqDIS; the gluonic part has to be added to

the Compton FO correction. We find the following FO correction to the DY cross-

section
DIS(1) 2 2 2
as 1 3,209 ™9 )
=3 A {G(tl—xl) 6(t2—x2)[2 n = - 2 T 7" 2¢ne fn =
4aQ-dy W H
23 xf 1 ta1(t1‘x1)
+ in"e - 2 ne +e€(t1) 6(t2—x2) (1 + —2) T n 2 >
t1 171 H xl

3 1 1 .
- — = 4 - (12)
— 7/
2(!:1 xl) t1 tf l
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the superscript (1) indicates that we have listed the contribution coming from
Aq(xl,QZ); the similar contribution from Aq(xz,gz) has to be added. Adding c{!‘?,
dﬁ'v and dé\DIS' one can verify that all ingrared and Solinear. divergences cancel
so that the final result is free from &n Q—2 and an % terms. It is composed of
finite terms; however the expression is very long and we refer the interested

reader to ref. 5) since our goal in this contribution is not to show all calcu-

lations but to illustrate how things work.

IV. PHENOMENOLOGICAL CALCULATIONS AND DISCUSSION

The annihilation and Compton FO corrections of ref. 5) have been folded by

products of SF and integrated over t, and t To be consistent with our previous

1 2°
. : : 2
discussion about the necessity to sum large logs to all orders, we used Q -depen-
dent SF such as those of Owens and Reya 10) . Notice however that in ref. 5) we

also tried scaling SF in order to check the dependence of FO corrections on the
choice of SF. Before going into some details, we want to point a remarkable fea-
ture of FO corrections : at given (y, Q2),or, equivalently (xl, xz)’, the annihi-
lation correction is usually large (Vv O'DY) and positive, whereas the Compton
correction is usually small (~ 10% of GDY) and negative. So, the addition of FO
corrections roughly amounts to multiply the naive UDY by a factor of 2. To be

more precise, we define as usually a X-factor by :

Y A C , DY
Y/a

K(y,09) = (0™ + * + & = oM (3,09 /09 (y,0%) (13)

1) Proton-proton scattering. We note on fig.2 the very weak dependence of K on y

(at least for Qz—dependent SF) . To illustrate in an other way this constancy, we
computed in ref.5) K(xl,xz) for (xl,xz) in the range 10 GeV2< Q2< 100 Gevz; we
found an average X = 1.95 with a very small standard deviation o = 0.04. These

h K = 2,2 +.4, Such an

results compare quite well with the experimental value
agreement has even something intriguing since one has not genuine arguments that

things will not considerably change to next order in ag 3

2) Pion-proton scattering. In the same range of Qz*values, we find X = 1.78 and

o = 0.14 with the SF of Owens and Reya”. The constancy of K (within 10% error

x Let us recall that the results we show are integrated over the full range of
gy since to integrate over (tl't2) at given (y,Qz) is identical to integrate
over (31 .

zx In factsil‘)ve took Q(Z) = 25 GeV2 for pion SF, not 3 Gev2 like in ref 10), since

experiment suggests the counting rules to be approximately valid at this

value of Q2 .



bars) has the important phenomenological consequence that lepton pair production
from pions on protons can be used to measure the pion SF with a rather good accu-
racy. Indeed, in mp collisions, the DY cross-section is dominated by the annihi-
lation of the valence antiquark from the pion with the corresponding valence

quark from the proton, so that the full cross-section

(1) o = DY =
o (xl,xz) Y Ko (xl,xz)— K qﬂ(xl) qp(xz) (14)

almost factorizes.

In ref. 6), we also computed the average QCD-transverse momentum of the pair.
In view of the large values of K, we thought it would be better (although quite

n = UDY + OA + GC. Our results agree with

questionable) to normalize with ¢
those of ref. 12), except of course for the normalization. Let us notice that

2
we predict a slow decrease of <gj > with 1t = Qz/s, whereas data shown by Badier

at this meeting seem to indicate some (slight) increase.

To conclude part IV, QCD-FO corrections to the Drell-Yan model generally work
surprisingly well from a phenomenological point-of-view; in particular the K-
factor is predicted to be practically constant, so that the factorization of the
zeroEP order cross-section almost extends to the FO (see formula (14)). The cal-
culated value of K = 2 is in good agreement with experiment. However, there are
some discrepancies between the calculated and measured q,'s; we think other me-

3)

1
chanisms may be important for g,'s, like gluon emission to all orders .

V.ANGULAR DECAY DISTRIBUTION

In view of the agreement between FO phenomenology and experiment for cross-
sections, it was natural to consider also FO corrections to the angular decay
distribution of the pair in its rest-frame. Remember the "naive" Drell-Yan model
predicts the decay distribution to be 1 + c0526 in the Gottfried-Jackson frame
of the pair. So the question we now turn to is the following : how do FO correc-
tions change this prediction ? Several calculations of FO ocrrections to the

14)

lepton pair decay angular distribution exist in the litterature , but the

authors used unregularized cross-sections, so they could not approach g} = 0.

6)

To our knowledge, our calculation is the first one which allows one to inte-

grate over the full range of q,L’. For a given set of partonic variables (xl,

AN
% However, earlier calculations of coefficients like X, G, and'ﬁ in formula (15)

below, allowed us to partially check our formulae (see ref. 6)).



x2't1't2)' we got a cross-section of the form :
A A
BP0 502 ay an = 3/16mx a0 PP 7ag? ay x (1 + coso ) (15)
~ A N
s RPCO 3 05?0172 + BP Dgin 26 cosp + PP sinBcos 2472

where we have no more integrated over the solid angle Q(6,¢) of the pair. ;i e
and Q are rather complicated functions of tl' t2, xl, and xz, and are listed in
ref. 6). They receive contributions from both annihilation (A) and Compton (C)
graphs. Since we have the reqgularized cross-section formulae of part III and

ref. 5) at our disposal, we may integrate (15) over the partonic variables t

1
and t2, after suitably folding it by products of SF. The result can be put in
the form :

2 - 2 2 : v .2
do/dQ” dy a? = c(y,Q“) {1 + Acos“® +u sin26 cosp + 5 sin“B cos 2¢} (16)

2

where C(y,Qz) = do/dQ2 dy/4n (1 + )\/3), and A, u, andv are trivially related
AN N

to the normalized (i.e. divided by do/szdy) integrals of K, G and H folded by

SF. Note that we have A = 1 - 2v .

The numerical results look very similar for mp and pp collisions, so we only
show on fig.4 X, nand v as functions of y at given Q2 (in the Gottfried-Jackson
frame) for pp collisions. It is straightforward to realize that FO corrections
very weakly affect the predictions of the naive DY model. These predictions are

actually rather well verified; for instance 15)

i) pp ISR data integrated over x and q, give 1 + (1.15% .34) codt s

ii) the 7N CIP collaboration found 1 + cos 6 except at large x values
where the departure of A from 1 may well be accounted for by higher twist
effects 16 which we neglected; anyway, the lepto-production cross-section is

very small at such values of x.

VI.CONCLUDING REMARKS

Our conclusion is that the situation looks truely perturbative for decay
angular distributions, in contrast with that for cross-sections. But the intri-
guing point is that in both cases the phenomenology one gets with FO corrections
is surprisingly good : quantities which do not need to change (because they
roughly agree with experiment) don't : shape of cross-sections, angular distri-
butions; quantities which should change (because they do not agree with experi-

ment) do : K-factors !
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Fig.1. a) Compton graphs. b) Annihilation graphs : gluon production.
c) Virtual gluon correction

|
/s'(m-xoe (ts)
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S(tz-xdeflh)
ey
2 Y (h—n)s(bl 12)

x, (1+&)x, 1.
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Xy 1.

Fig.2. The domain of integration in the (t_,t.) plane

a) 1 >> € > p?/S but €, u # 0. The hyperbola (t1-x1) (tg—xg)
= 12/8 which limits this domain is shown.
b) The limit €, p =

0, and the singular distributions appearing
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F.3. The factor K(QZ, ¥) as a function fo y for pp collisions at S = 729
(GeV)2 and Q% = 25 (GeV)2. Full line : Q2 dependent SF. Sashed line :
scaling SF.
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Fig.h. A, p, andvdecay coefficients at Q2 = 20 (GeV)? and S = 729 (GeV)?
as functions of y in pp collisions.
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SUMMING QCD SOFT CORRECTIONS

M. Greco
INFN, Laboratori Nazionali di Frascati, Italy

ABSTRACT

In this review the effect of soft gluon emission in hard process is discussed
to all orders in QCD, A general formalism for resumming these large correc-
tions is presented and detailed implications are considered for deep inelastic
leptoproduction, Drell-Yan processes and e‘e~ annihilation. A short discussion
of k, effects in Drell-Yan and e*e” jets is also presented.
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Leading logarithmic analyses (LLA) i, e, a summation of all terms of the
type (aS(Qz) anz)n, have been very useful in understanding the corrections to
the Born terms in the perturbative Quantum Chromo-Dynamics (QCD)treatments

of hard processesl)

. More recently, accurate computations of non leading cor-
rections have been performed in various processes and often found1= 2) numeri-
cally large, particularly near the boundary of the phase space. These results
cast doubt on the validity of the perturbative series at present energies, unless
these large non leading terms can be summed up to all orders, However the ef-
fect of higher order corrections can be possibly minimized by a judicious choice
of the renormalization prescription, in other words by a better definition of the
expansion parameter, Much work has been done along this lines). Furthermore
it has been also realized the important role played by soft gluon effects and sim

ple resummation techniques have been proposed4’ 5, 6)

which take into account a
large part of higher order corrections.

In this talk I will briefly review this latter subject, discussing in detail va-
rious hard processes where the emission of soft QCD radiation is quantitatively
relevant. After recalling the main results from first order calculations and a
discussion of their physical origin, I will present a general formalism for re-
summing these large soft corrections based on the scheme of coherent states.
Next, detailed implications for deep inelastic scattering, Drell-Yan process and
e’e™ annihilation will be given, To conclude, a short discussion of k) effectsin
Drell-Yan processes as well as in efe- jets will be presented. Higher twist con
tributions and more general mass effects will be neglected in our discussion.
Further details on the topics studied here can be also found in various and more
extensive reviews which are listed in ref, 1),

Let us start with deep inelastic leptoproduction. The quark densities qk(x, t),

defined for example in terms of the structure function #y(x,t) as

7, (x,1) = E eiqk(X.t) . (1)

to first order in ag satisfy the following equation7)

1
4 _X%, % X Iox
9 (x,t fy[é(l y)+2ﬂtpqq(y)+asig(y)]qok(yH
x (2)

+ (gluon contributions) ,
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where t =1nQ2/y-2, qok(x) are the bare densities, qu( z) has its usual mean-

ings) and quI(z) gives the correction to the leading order result. Interms of
n-moments eq. (2) can be rewritten as
o . 1+-—‘tc 48 +a fDI (3)
k F "qq
with ep = 4/ 3,
AV o3 L3 o igmi2iodd (4)
aq j=1 3 2 n(n+l) 2 n’

and lny = }'E = 0.5772 is the Euler's constant. Then for z &1 one finds, forthe

most singular terms,

L PO EYCU 1
f]:(z)_Zn(l+z)|:—1_:_;_ ++ (5)
or
c n k c
i—g)l(n) = _WE 2 _112 z _:_l]_ 4 seees = z_f‘r (11’1')’1’1)2 4 creee (6)
k=1 j=1

The physical origin of this large correction term can be simply traced back to
the appropriate use of the exact kinematics in the calculation of the emission of
a real gluon. In fact the leading and next-to-leadirng logarithmic terms in the

square bracket of eq. (2) come from the bremsstrahlung contribution to ?2 as

2
CF 1422 "‘ma;‘vQ (-2 did

F o~ 8(1-2) + o2 (112 — aglly) (1)
w? !

Then if asln(l-z)NO(l), and this happens near the boundary of the phase space,
a large corr‘ection is obtained to the leading order result, which simply comes
approximating kl max Q2.

A similar result is found in the Drell-Yan processg). With the usual nota-

tions, the corrections to order ag to the Born term are obtained from7)

11 2 [ax, dx,
o _ 4ma 1
o - nz/x =, [Eeqk(l’Q)qk z’Q)J’l"Zil
Q°  9sq 1 %2

(8)

. {é(l-z)+asg(1-z)[fl’3y(z - 2fDI :I} + (gluon contributions),

where z = r/xlxz z QZ/ Sxqxg and we have explicitly introduced the Q2 depen-
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dence in the parton densities in deep inelastic scattering (see eq, (2)). Then the

correction 't"’q(z) ;’[ng(z) - ZfEI(zil gets two important contributions

-~ c -
f @ =2in{2(1+zz) [lr%z—zlj++ﬂzé(l-z)+""'}_ (9)

The first one, which is just twice that of eq.(5), has the same dynamical origin.

Namely, as in eq, (7), one has

- 2 a2 2
ao! 2¢p 14,2 Knax™ @ (1-2) K2
Lo Sl b () —+ agk)) . (10)
Q2 2w "1z [, N 2 sd
~ _ £
kmin Q(1-2)

Here the factor (ZcF) is simply related to the emission of @ gluon from two legs,
the upper limit kimax is the appropriate kinematical bound for z ~1 for this
process and ‘klmin is the effective lower limit obtained subtracting the effect of
gluon emission in deep inelastic scattering, which is already included in the de-
finition of qy(x;, Q%) and ak(xi, Q2) in eq. (8).

The second contribution in eq. (9), i.e. the nz term, has also a simple ex-
planation, In Drell-Yan the vertex correction is proportional to Re lnz(- q2) =
= 12| q2| - x? (q2> 0). The 1n2|q2| term cancels with the analogous contribu-
tion from real emission, exactly as it does in deep inelastic scattering where,
however, being q2< 0 no such ﬂz term is present. Working to all orders, the

expected exponential form of the quark form factorlo) e2,5)

, leads to exponentiat
this term, namely ~ exp {CFT’(I.(Qz)/Z}.

A's next example of occurrence of large corrections to the usual LLA let us
consider the thrust (T) distribution in the process ete- — qQq g. The lowest or

der result isll)

1 do . °F% J31’-3T+2) 2T-1 3(3T-2)(2-T) (1)
0, dT /o~ ~ & T(1-T) 1-T 2(1-T)
which for T ~1 becomes
2c 0
1 . do F's 1 1 3
—(% ﬁ)o ";:1 ro (1_T)(1n o7 'Z)' (11b)

Now it is easy to see that the effect of the emission of soft radiation gives cor-
rections oc agln 2n(1 -T) which invalidate the lowest order result (11b).

The above examples show that the soft behaviour of the theory plays an im



259

portant role in the evaluation of the corrections to the leading order results. If
one is able to sum them up, then one can hope to have a better control on the re
sidual series,

The formalism of coherent states, developed in ref, 12) j5 indeed a rather
powerful resumming technique. It provides one with matrix elements which are
free from infrared singularities at all orders in the leading log approximation,
This has been obtained by extending from QED to QCD the concept of classical
currents associated with the external particles to incorporate the new proper-
ties of colour and the appearance of the effective coupling constant. Furthermo

13)

re the question of mass singularities can also be incorporated in the formal-

ism by including the emission of collinear radiation. Various applications can
be found in the literature®’ 14).
To our purposes let us first consider, in this formalism, the valence quark

densities in the region x3 1, in the usual LLA, i,e, when a(Qz)anz.—vO(l)

and a (QZ) 1n(1/(1-x)) <¢1. Then one findss‘ 15)
+ 1
i - -ib(1-
qlx, Qz) = —21?‘/ dbelb(1 x) exp { / dz P{z) E(QZ)[e ib( Z)-l]} (12)
-® 0
_CF 1422
where P(z) = - T2 and
2
. . Kimax aK?
§(kmaX~Q ) = —5 a(ky) . (13)
u? K

In eq. (12) the exponentiated factor {/dz P(z) §(Q2) e ib(1-2) } corresponds the
multiple real gluon emission constrained by the condition that the total energy
carried out by the radiation does not exceed (1-x), Then the factor (-1), com-
ing from virtual emissions, cancels the infrared singularities at z = 1. The

connection with the more conventional approach becomes clearer by rewriting

eq. (12) as
i 1
[¢ 2
a(x, Q%) ¥ 2—;-1/ dnx'“eXp[TF/dz(lf_zz )§(Q2)(z“-1§, (14)
- i 0

having approximated, for x -» 1, Inxa (x-1),
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This result explicitly shows that the moments of the distribution (12) coinci
de with the usual moments of the parton densities in the large n limit, The eq.

(14) becomes
ioo
1 -
q(x,Q2) ~ Tor / dnx™" exp{-cF §(Q2)[1nyn-%+o(-11;)]} s (15)
- ioo

and, by saddle point techniques

) e(g-yE)cFE cpf -1
alx, Q%) = ‘—F(CFT* (1 -x) . (16)
This result coincide with that obtained in refs.ls) by conventional diagrammatic
analyses and explicitly shows the simplicity of this approach.
When the condition a(QZ) 1In (1/(1-x)) <<1 is released, the correctionstothe
above LLA result have been shown in ref.?) to arise simply by taking into ac-
count the correct kinematics in eq,(12), namely §(Q2) - _EI:QZ(I-z)]. Then

in analogy to eq. (14), one obtains for the n-th moment of the valence densities

2
1 Q%(1-z) 2
C : 2 dk -
q(n)(Q2)~exp{§ dz(ll““—_zz)/ — a(kf)L“-l]}_ (17)
0 122 ky

For a(k,)= const = ag this corresponds to the simple exponentiation of the first

order result (eq. (6))

aCr 1 2 2 7
q(n)(Q2)~exp{ Sn [(E(lnyn)2+”_6)+1n%§(—1nyn+g)-§+0%)]}-(18)

Transforming back eq. (18) by the saddle point method one finally obtains, in pla
ce of eq, (16),

2 2
2 2 b2 Q
B3 Q 4 T B -yl =
(x Q2) ~ e 4 ;U'Z 12 8 2 e ung
q 3 - F(B')
(19)
- 1n2n
(1-wBte 2 0,

where f= cFas/n, and n, is the saddle point value defined by the equation
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1
— 8- (20)

The effect of the running coupling constant in eq. (17) can also be included. An
explicit expression for q(x, Q?) in this limit is obtained in ref. 17) by using the
same techniques.

An important consequence of eq, (17) is that the Altarelli-Parisi evolution

equation for the non-singlet quark density is modifieds' 6), for x~1, as

QZ’/Q2 2
/ dy'{P( l: (1 -5)}} q(y,Q—z) . (21)
d1n (@2 /Q ) T Qg

where P(z) is defined in eq.(12). In other words, the simple rescaling of the ar
gument of the running coupling constant from Q2 to Q2(1-z) takes into account

the most important higher order corrections. Expanding

- —

2 1 1 n(1-z) 1.2
6 [(Q7(1-2)j= —= = 1- + O ( )= (22)
! ] nR%1-2] 1@ L 1nQ? nQ? :l

¢ @ [1+1n(1-2) (@® + 0(%@%)] ,

one obtains the leading log term, the next-to-leading term, and so on.

Of course eq.{17) is valid for n >>1 but limited by n< Qz/y,2 or roughly
l1-x> ,u2/Q2. In this very tiny region of the phase space one finds a strong dam
ping of the form of a Sudakov form factor, which makes the leading twist contri
bution discussed here probably negligible with respect to higher twist effects.
More details about this point can be found in ref.s).

Phenomenological implications of the threshold behaviour of the structure
functions for deep inelastic scattering, namely the question of the parametriza
tions to be used in analysing the experimental data which are compatible with
the above dicussion, are considered in ref, 18).

Similar modifications of the leading order result in the case of the photon
structure functions which, in the near future, can be measured for x enough
close to one, have been recently studied in ref, 19).

We now discuss the implications of the above results in the Drell-Yan pro-

cess. By taking into account the soft gluon emission at all orders, and omitting
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for simplicity the contribution of gluons in the initial state, eq.(8) is replaced

by5» 20)
1 2 dx, dx
do 4ma 1 2 2 2
) __O(X-X-X)[Zeq(x,Q)-
szdxF 95> v *1 %2 727 F | L kRTI
(23)
3 2 2, 0% o 2(Q?) 2}
qk(xz.QO)+(1 —>2£|f(z,Q ,Qo)exp{ S Cp
with
T 2 42y 1 ib(1-z) ¥ 1+
£(z,Q ,QO) c 3 dbe expl?/dy(_l__%)
-00 0
(24)
@ (l-y)2dk2 .
g )[:e"b‘l'Y)-l:”
Quy L

In eq.(23) we have more generally introduced the parton densities at a mass sca
le Qg, which leads to the lower bound k-lz-min = Qi(l—y) in the ki integral in eq.
(24), Furthermore the n2 term coming from the mismatch in the quark form
factor from space like to time like regions is exponentiated, as discussed ear-
lier.

The easiest way to solve eq.(23) is to consider its T™ moments. Then the
r.h. s. reduces to the product of the n-th moments of the q, q and ? distribu-
tions, which can be easier transformed back. Without going into details which
can be found in ref, 20), one obtains the soft correction factor K to the naive

model (7 < 1)

2
2 3 Q
a(Q%) B(< - Yg)ln =5
Koo 2 o 24 ri+é) . 4 Q3
2
I‘l:1+ & + Bln( 3 ):I
2,
Q2 (25)
In 1 2
¥ Blnn 8 2 -= BIn"n

e E ° (1-7) QOnO e C’(1 -g— ﬂlnno) ,

where B=2 aScF/n, n, is the saddle point value defined by
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2
n =T [1+§+Bln(—2—Q—)] . (26)
Q2 rn,

and §= §1+§2. having parametrized, at q2 = -Qg, and for x~1, q(x)and q(x)
as (1 -x)§1 and (1 -x) 2 respectively. In deriving this result we have kept all

leading logarithmic terms in (1-7) and & Furthermore eq.(25) has been ex-

plicitly checked to first order in ag. The phenomenological implications of eq.
20)

(25) are shown in Figs, 1 and 2 for p-p and st-p collisions respectively, for

[
x -

5 5 -P

4 . 4
.3 3

2 2

1 1

T T
02 04 06 08 1 02 04 06 08 1
FIG. 1 FIG, 2

for Vs = 30 GeV, a *0.2 and Q2 - Qg. In Fig, 1 the full curve (a) represents
eq. (25), the dashed line (b) represents the leading log approximation of (25) (e.
g. first order in ag) and for comparison the full first order calculation of ref.7)
is also shown (dotted line (c)). As it is clear from this figure, the inclusion of
soft contributions to all orders do not change significantly the first order result
up to T~0.6-0.7. On the other hand for larger values of 7 the absolute cross
section falls down so rapidly that the increasing behaviour of K will not be ob-
servable. In the case of pion-proton collisions (Fig. 2) smaller correctionsare
found. An improvement of the actual experimental accuracy could, for this case,
reveal the 7 dependence of K.

As a last example we will consider how the lowest order result (eq. (11b))
for the T-distribution in the process ee —» qJg is modified for T £1 by soft
radiation. The analysis proceeds quite similarly to the previous cases. The phy

sical idea is that the quark, antiquark and the gluon as well will develop into



264

jets of invariant mass ~Q2(1-T). The corresponding T distributionis found‘“)

N

3 11 f 1

(3 0Bt G5 75 - 7w A ()
@, dp e[4 Efq ‘1218~ 'E i.T
dT ~ ‘dT o 1

F[1+(ﬂq+ Bg)ln(_l-—T)J
(27)
1 2 1
e-E(Bq+ Bg)ln (l-T [N
dP 8ag 3a’s
where (ﬁ)0 is given by eq. (11aj, ﬂq = (3—11:) and ﬂg = (T)' This result

goes beyond the usual LLA, where only the term exp |:- ﬂq 1n2(1 - T)/2] is

foundzz) to multiply the Born term. In Fig, 3 we plot the Born distribution

dpP ; .
. . (d—T)o given by eq. (11a) (full 1i-

] ne) and compare it with (%) of
/ i

; ] eq. (27) (broken line). For com-
0L Q=30(6evl, A=0.5 (Gev) // ] pleteness the first order expan-
(dP/dT)/o// — sion in (B + By) of eq.(27) is al-
/‘/_.idP/dT)o[HO(B)]: so shown, This figure shows
I F P (82) 4 clearly that for large T the hig

] her order corrections are quite
E important, and in qualitative
ﬁ agreement with the experiment-

al results. Of course a complete

comparison with data must await

.\
|

i

l

i

i
i
N

J L P T YO T n I
10 0.7 0.8 0.9 T 1 suitable addition of finite aﬁ cor
FIG. 3 rections, which have been shown

23)

to be sizeable
We conclude this short review by discussing k; effects which have been
most extensively studied in Drell-Yan and e'te- annihilation24). As well known,
gluon bremsstrahlung provides a non-zero transverse momentum k, for the
lepton or the quark pair in the two processes. However, whereas for kiw O(Qz)
the transverse momentum distribution is expected to be fully described by first
order QCD diagrams, for A2<< ki<<Q2 the perturbation theory breaks downdue
to the appearance of large a:lnzn(Qz/kE) terms arising from the emission of
n gluons, both soft and collinear, which have to be summed to all orders of

perturbation theory.



265

In Drell-Yan this task has been essentially accomplished by Dokshitzer,

25)

Dyakonov and Troyan““’/, who gave an expression valid in the leading double lo-

garithmic approximation, An improvement of this result has been suggested by

Parisi and Petronzio2 6)

, by transforming to the impact parameter space, where
transverse momentum conservation can be taken into account exactly. This is

particularly relevant when k; — 0, which can be reached by emission of atleast
two gluons whose transverse momenta are not small and add to essentially zero

momentum, They proposed

«

— | -1 / bdb I (bky) F(b, Q, 9, (28)

dQakpdy o %
where

2 -
= a2 (1), - 1, (@) = 1
oP.Q8) = g5 2 If‘i (Fe, 3)a (VT, 50 +
(29)
+ (1> 2)]exp [40@%, 1))
and
9 16 (99 . q
4@%0) = g7 | SE(G) agley [7otbay - 1] . (30)

In e¥e~ annihilation the same result has been independently obtained by Cur

27)

ci, Greco and Srivastava for the transverse momentum distribution of a qﬁ'

jet, namely

Q0

. .
£ . 5/ bdb J_(bk,) exp {A(QZ, b)} 51
0

with A (QZ, b) given by eq, (30).

More recent analysesza)

have confirmed in Drell-Yan the general structure
of eq. (28). So far there is no detailed phenomenological analysis of recent kjg
data in Drell-Yan based on eq, (28). On the other hand a very recent analysiszg)
of the total transverse momentum distribution of e"e~ jets at various energies
from the PLUTO Group strongly supports the QCD prediction (31), Deviations
from this formula at the highest energies and large k), have been found in agre

ement with first order results. This is explicitly shown in Fig. 4. Thus the
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resummation in kj of these soft effects in the double leading log approximation
and using explicit momentum conservation seems in excellent agreement with
experimental observations,

To conclude, We have discussed the problem of large higher order correc-
tions which are related to the soft behaviour of the theory., The resummation of
these effects have been explicitly studied in various processes, It is plausible
that the residual series is then under much better control. As stated at the be-
ginning the optimization of the convergence of this residual expansion can be fur
ther improved by an accurate choice of the renormalization prescriptions which

reduce the effect of genuine higher order corrections.
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ENERGY MOMENTUM DISTRIBUTION OF LEPTON PAIR
PRODUCTION THROUGH SOFT QCD RADIATION

G. Pancheri
Physics Department, Northeastern University
Boston, Massachusetts 02115

ABSTRACT

The soft gluon contribution to hadronic lepton pair production is described
using a four-momentum probability function supported by the coherent,state
approach to QCD. Factorization into light cone variables produces Q" -dependent
parton densities in agreement with the evolution equations and a transverse
momentum distribution which fits small and medium energy data. A sum rule is
presented fgr the S-dependence of the mean square value {q,). For nN, one
obtains (ql ) = 0.003 S, in good agreement with the experimental value.,
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In this paper, I present a modification of the basic Drell-Yan (DY) cross-section

which incorporates.soft and collinear hard gluon corrections,

The role of soft gluon contribution to basic QCD processes is slowly being recog-
nized as very important in order to explain the low energy or small transverse
momentum behavior of processes like hadronic p~pair production and deep inelastic
scattering (DIS). 1Indeed it will be shown in the following that soft gluon cor-
rections lead phenomenologically to:

i) Qz-dependent quark densities in both DY and DIS,

ii) small and medium transverse momentum distribution of u=-pairs,

iii) normalization of the Drell-Yan cross=section.

A unified formalism which deals with the above effects is provided by the Bloch
Nordsieck method 1). In the impulse approximation, the 'naive' hadronic cross=-
section for lepton pair production is factorized into the (inclusive) probability
of producing a qa pair times the (exclusive) cross=-section for the scattering

qa il u+u-. This picture is usually modified by QCD through first 2 and, now,
second order 3 corrections to the Born term, and through Qz-dependent parton

&)

densities obeying the evolution equations .

As a step toward a unified treatment of QCD corrections, we propose to directly

calculate the inclusive cross=-section for
- + -
qq » g+ G(K) (1)

where G(K) arises from hard, wide angle bremsstrahlung and from soft and hard
collinear gluon emission, The cross section for process (1) can then be written
as

ot A, 4,

— = | d #K) o(P’ =K) § (P" =K =q)

4 J

d'q
where dAO(K) gives the probability for emitting soft and collinear hard gluons

s

of total momentum K and g(P’ - K) is the DY cross-section modified by the remain-
ing hard QCD corrections., The integration is over the unobserved momentum K, P’

is the momentum of the incoming qa pair,

Turning to the hadronic cross=-section and ignoring, for simplicity, higher order

~
terms in g, one has

. - .
(@ora* ™ = Gm?rh) ) o [ (LB rpaliy + 1= 2] avay

xj doys* @’ -k - q) . (2)



In Eq. (2), the "bare" parton densities refer to the qa pair before soft gluon
2 for the specific Bloch=Nordsieck
mechanism the distribution d40(K) exhibits, asymptotically, the separability

emission takes place. As shown elsewhere

dow) ~ dox yasx yaex )y 3)

where l(:t = Ko + K3. In Eq. (2) the q, dependence can then be factorized out and

one obtains

@ordtph® = wm®roddy Y e 2 (i ,0h 1h0xy 000 + 1w 2] @0 ) /d% )

L f f 1 f 2 1 L

with If(x1 2,02) = J dg(Ki)qof(y) and it is understood that K = P/ = q. Notice
3

that, because of Eq. (3), the soft gluon emission mechanism maintains the basic

factorization into Xy and x, variables. That the densities If(x,Qz) are exactly

the same as those encounterzd in DIS, can be seen when one considers soft gluon
emission in deep inelastic scattering. For this case, the above mechanism
induces a Qz-dependence such that the moments factorize into a "running" part and
a constant part . It can be shown that the "running'" moments obey a differen-
tial equation which coincides, to first order in aSLnQZ, with the corresponding

evolution equations.

We shall now discuss in some detail the distribution dAO(K). In a number of
papers 7), it has been proposed that the leading soft and collinear hard gluon
1,8)

spectra exponentiate. By imposing energy-momentum conservation , one obtains

ikex, )

exp{- [ 5 - ] L O)

Restricting for simplicity to soft gluons alone (see ref. 5 for the complete

d*ow) = em™ d*x f iy 1KE

treatment), one gets for the single gluon distribution

d3‘-‘k - 32 gd k 2) )

m(33 - 2Nf)zn(q //\ )

Equation (4) reduces to 54(K) when oy = 0, thus restoring the naive Drell-Yan
cross=section in Eq. (2). Upon inspectlon, d O(K) exhibits a mass singularity
which can be dealt with introducing a small regulator mass yu ~ m 2. The factor=-
izability of dAQ(K) in the light=cone variables, Eq. (3), is a consequence of
taking the p —+ 0 limit in Eqs. (4) and (5). Using the soft gluon spectrum given
by Eq. (5), one gets

2
€ 2 2e

iK t dk
4 2 dk ikt
exp'ﬁf ‘z%“‘nf Td-e >} »
" 0

+

-1
de(k,) = (2m K, f at e
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where € 1s the c.m. energy of each emitting quark, and
L { 4 Sfii 2 dk3
z k[ o 5] - [ ==}
d 9(x y = @m” 2% x e expig, 2 a (k D1 J0<klxl)] Jigzlizz

For Ki < 2¢, one can easily obtain a closed form for dQ(Ki)’ il.e.,

o -1 B
de(R) = (&R /2e)ly " T(B T "(R /2¢)
2
E 2
dk
L] Lraud n(nD)
with BL 3 J . 2 as<k; ) ~ in (?n This in turn gives the following

L

Qz-dependent parton densities:

1 8,-1

1eeh) - g——[ Of(y>(1-—)1a :
Y F(B)

Integrating on the transverse momentum, one obtains for the double differential

cross section:

2 2
dg _ 4 21 21V 20-{1] =[2]
5 dxldx2 9x1x2 EXP{3 o[s(Q )} Z‘ef {If (xl’Q )I (XZ’Q Y+ le 2}

The normalization factor K = exp{%? as(Qz)}, as first suggested by G. Paris 9),

derives from analytically continuing the quark form factor from space to time=-
like QZ. An interesting application of this formalism is the calculation of the
S-dependence of the mean squared transverse momentum (q ) The analyticity
properties of d @(K) lead to the general formula
1 dy 1 dy
2{ r 1 (1] 2 j 2 =[2] 2 }
Zef J —yl I G0 -—y2 I (ry5Q) + 12
2 4 = . 2 *1 *2
{q, ") =3z 2 () s .
L 3n s [1] 2, =[2] 2
7 1 (x50 I57(x,500
°f

*1 *2

+1e 2}

This equation has been obtained assuming no intrinsic transverse momentum for the
quarks, As such it can be used to calculate the slope of (qlz) vs. S. Saturat=-
ing the integrals with valence quarks alone and using NA3 parametrization 10) for

pion and nucleon densities, for X =%, = 0.275 = /T one gets

(a(qlz)/as> ~0.003  for &s =0.38 .

10)

This result is of the right order of magnitude for the slope in TN scattering.

For lower energies, more precise kinematic limits have to be imposed.



Having exploited the energy and longitudinal distribution properties of the soft
QCD radiation, one can inquire about the predictions for the transverse momentum
distribution itself., In reference (8), the following expression was first pro-

posed for the transverse momentum distribution of soft QCD radiations emitted in
parton-parton collisions:

2o y = m la szx e-iK*.xl exp{- j i - e+ik 'Xl)} (6)

L 1 L e '

For the DY process, ‘this function represents the transverse momentum distribution

of the p-pairs, as the previous discussion shows. It enjoys the following two

important properties:

i) the distribution is a function of Kl/(KL), apart from logarithmic

corrections,

ii) it can be used to describe the transverse momentum distribution of many
inclusive hadronic and semihadronic processes.,

The second property follows directly from the factorization of the leading soft

gluon corrections and the separability property Eq. (3). It is indeed confirmed

by various phenomenological analyses 1D based on an approximated expression for

dZQ(K). Property (i) appears to be a consequence of exponentiating the soft

gluon spectrum, Equation (6) in general depends from two scale parameters, Q2

and A, the renormalization mass. To determine the scaling variable for KL’ one

can study the behavior of the exponential in Eq. (6) for small and large values

of X, . The leading logarithmic approximation alone cannot determine the scale

uniquely since any (roughly) constant term can always be neglected in the large

Qz-limit.- On the other hand, as x 0 one has

=ik

3= Ly 1,2 23- _ 1.2, 2
[&Ra-e YT @ [x'a% - @rleh

where the last equality follows directly from Eq. (6)

Property (i) is encountered in almost all inclusive hadronic distributions where
it is known as scaling-in=-the=-mean 12) or mean scaling, Our formula predicts
mean scaling also for current induced processes like DY, DIS and e+e-

annihilation 11).

To conclude, a condensed account of soft gluon corrections to the DY process has
been presented, The formalism is borrowed, with adequate modifications, from the
Bloch=Nordsieck method in QED. This approach is direct, intuitive and physically
appealing. Based as it is in terms of probability distributions, it meshes
nicely with the underlying probabilistic parton picture of the DY process.
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Medrano.
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ABSTRACT

We give an expansion for the Drell-Yan cross-section that is applicable at
all values of transverse momentum, including all logarithmic corrections. At low
transverse momentum, the cross-section has power-law dependence on energy and on
the QCD scale. We discuss a difficulty in the proof (to all orders of logarith-
mic_corrections) as compared with the corresponding completely solved case in
e e annihilation.
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I. Introduction

Most of the cross-section for dilepton production in hadron collisions is
at low transverse momentum, Qs precisely where perturbative QCD 1s most diffi-
cult to apply. We propose for the cross-section an expansion that 1s applica-
ble at all values of - It embodies (with corrections) the idea that ar is
the sum of the intrinsic transverse momenta of the annihilating quark-antiquark
pair in the Drell-Yan modell). The most important feature is that the intrin-
sic transverse-momentum distributions are strongly energy-dependent, but in a
calculable way.

2-4)

Previous work 4

has concentrated on the leading or next-to-leading
(doubly) logarithmic approximation. However, non-leading logarithms can over-
whelm leading 1ogar1thms5). Our proposed expansion, eq.(6.1) below, includes
all logarithmic terms, and it displays a leading term together with systemati-
cally smaller corrections.

We have a complete pr00f6-7)

in QCD perturbation theory of the correspond-
ing expansion for two particle production in e+e— annihilation. However, there
are still some unresolved difficulties in the proof for the Drell-Yan case.

Similar difficulties appear in tryings)

to prove factorization of the Drell-Yan
cross—-section integrated over Qp-

In Sections II to V, we sketch the derivation of eur expansion. Section
VI gives the expansion and includes all formulae necessary to calculate the
cross—~section up to a factor 1+0(us). A two-dimensional Fourier transformation

9)

1s needed, and we explain how to compute it by saddle point methods in Section
VII., We explain in Section VIII the unresolved difficulties mentioned above,

and we state our conclusions in Section IX.
II, Statement of Problem

The parton modell)
light-cone coordinates, defined by W= (V+,V_,VT) with Vi = (V'2v%)/V2 1n a

for dilepton production is illustrated in Fig.l. We use

frame where the hadron collision is along the z-axis. Then we define X, =

+,n + - a=/p = - 2 _af e 2
q /PA sXg = 4 /PB ,50 that the dilepton mass is Q Vq =Vx, Xps-q," In the

Fig,1 Drell-Yan process
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Drell-Yan limit, s2® with x, and Xg fixed, the parton model gives

A
sdo - 2f 2, T .2 T T T_,T,T
2 - - ~kT=
dx, dx d%q,, NgeJd Ky dkg PoyaGisky) Po p(egoky) S(a -k -ky). (2.1)
Here, Pq/H(x,kT) is the number density in hadron H of partons of flavor q with

fractional longitudinal momentum x and transverse momentum kT. The sum is over
flavors of quark and antiquark, and the normalization factor is

N = g«razslqz. (2.2)

Our expansion (eq.(6.1) below) for the cross-section in QCD amounts to the
following:
1. The parton model is essentially correct, with (perturbatively) calcula-
ble effects from soft gluon exchange, vertex corrections, etc.
2. The kT-dependence of P(x,kT) is (perturbatively calculable for all kT,
even kT=0, if Q? 1s large enough, Unlike the situation in the parton

model, the simplest definition6)

of P makes it a function also of Qz,
but with computable Q2 dependence,
The existence of a result such as ours raises some obvious questions:
1. How can there be a QCD prediction for kT<A?
Answer (Parisi and Petronzio3))
a) Physically, if a particle is observed at kT-O, it got that way as

the result of several large P, transfers which have A<<PT<<Q and which

T
just happen to cancel. See Fig.2.
/I\ P(x,kT)
Flat broad top
Z a
| i N,
Typical kT grows with A
Q?

Fig.2 Parton transverse momentum distribution

b) Technically, one Fourier transforms into the space of transverse po-
sition, b (i.e., impact parameter). Large values of b will turn out to
be strongly cutoff.

2, How does P(x,kT) know about Q27
Answer We work in a physical gauge (e.g. nuAu=O) with a gauge fixing

vector nu. Then P depends on
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g = (2pen)?/|n?|, (2.3)

In applications Zns.

What has happened to the usual perturbative expansion of the cross-
section?

Answer Our generalization of (2.1) applies if 4p<<Q. To it is added

a correction termlo) which, although negligible at small dps is needed

to reproduce the usual result when ar is of order Q.

There is also a set of theoretical problems we have had to overcome:

1.

Solution Use a non-abelian generalization

The presence of two large momentum scales 1/b and Q with A<<1/b<<Q.
One can usefully apply renormalization group methods to a function £(Q)

or F(1/b) that depends on one momentum scale. Thus

£(Q, 1,04 (1)) efyf(Q.u‘.aS(u‘))

Y lcorCiag HIn(@® P+, 2.4)

where Y is an anomalous dimension., We can set u”=Q to eliminate large
logarithms. Simlarly for F(1/b) one sets u”=l/b, But such a procedure
does not help for a function h(Q,1/b) of both varibles.

Solution Manipulate h into a factorized form

h(Q,1/b) ~ £(Q) F(1/b). (2.5)

There are double logarithms in P(x,kT;g) and its Fourier transform

P(x,b30). Thus we have terms of the form

N 2N, .2 2N-1
as(;) [CN’oln (zb*) + CN’lln +...1. (2.6)

Factorization as in eq.(2.5) only generates a single logarithm per loop.

Solution % and P are not simple, but we derive an equation

3 L

= TP 2
ez £ = T 2.7
in which T is simple. Since a change in ¢ is achieved by a change in
the gauge fixing vector, use of gauge invariance helps in the analysis
of T.
Exchange of soft gluons upsets the factorized form shown in Fig.l.

7-8) of the Grammer-Yennie
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methodll).

I1I. Soft Gluon Approximation

The dominant regions of integration in graphs for the cross-section when

7,10)

qT<<Q have the form of Fig.3. There the lines in JA and JB are collinear

Fig.3 Dominant graphs at low 9

to the incoming hadron momenta P, and PB, respectively, while the lines in UV

are ultraviolet and the lines inAS are soft. That a momentum k" 1s soft means
that in the overall center-of-mass frame all its components are much less than
Vs. All external lines of S are gluons.

In order to reduce Fig.3 to a useful form, we apply a non-abelian ver-

7-8) of the soft approximation of Grammer and Yenniell). This 1s obtained

sion
by noting that, for the coupling of a soft gluon of momentum k" to a current
J¥ collinear to PAP’ we have

u + My A=/

J AUNJ A*NJ uA k-, (3.1)

where corrections are smaller by a power of s. This results in Fig.4 where

@
u(x) = Texp[igfd)\v At ], (3.2)
A aa a
and vu 1s a lightlike vector collinear to PAu. An example of its perturbation

expansion is given in Fig.5. A similar result holds for soft gluons coupling

to a line collinear to P u.

B
ZW YUy up?

Fig.4 Soft approximation
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2Py ZW

1 _ o -
where # = I =?=; = igv ta’f rig—vp'ta

Fig.5 Example of perturbation expansion of Fig.4

After we sum over all attachments of the soft gluons in Fig.3 to the jets,

we find that the U factors in Fig.4 cancel at all internal vertices of the jets.

This gives Fig.6. Since it involves the convolution in transverse momentum

Fig.6 Factorization of cross-section
space of three objects, it 1s convenient to Fourier transform, so as to obtain
sdo 2 2 2
T dn i, v NZe [H(x,xp8/u? 5 () |
e fat 1P ¥ b3z ¥ ,bsE) Vbu, g () (3.3)
J A*7’"A” “q/BYB’7B ’ :

L
The factor U represents the effect of the bubble S in Fig.6, and UV vertices give
the factor |H H

Both are defined by certain subtraction procedures and have per-

turbat{on expansions 1+0(g2). The parton\distribution P

q/A(s,kT;C) was defined
in Ref,6, and in eq.(3.3) we use its Fourier transform

Box,bst) = (272 fafle, e PGe kst (3.4



We have set g, = st/xA,CB = sxA/xB.

IV. Gardens and tulips

In defining the UV and soft factors |H|2 and % in eq.(3.3), we must avoid
double counting. Our procedure7) i1s 1like that of Zimmermannlz), who gives a
procedure for renormalizing the UV divergences of Feynman graphs. To subtract
subdivergences non-recursively, he defines objects called trees and forests.

Our analogs of these, for subtracting the soft regions, we call tulips and gar-
dens.

The basic 1dea 1s elementary and is illustrated by the example of Fig.7.

It consists of two quarks which are in opposite jets and which exchange inter-
acting gluons. Three momentum regions contribute to the leading power of s:

A) The bottom two gluons are soft and the top three are collinear.

B) The top two are soft and the bottom three are collinear.

C) All the gluons are soft.

Now the original graph G in region A is correctly given by the soft approx-
imation applied to the bottom two gluons, as in graph (a). Similarly region B
i1s given by graph (b). Then these are included in the sum over all exchanges of
two soft gluons, which gives a term in S in Fig.6.

G -; - b

Fig.7 Subtraction procedure for soft exchanges

Now region C is correctly approximated by graph (c). However, graphs (a)
and (b) are non-zero in this region and were already included in S in Fig.6.
Thus we must make internal subtractions inside graph (c) as shown in graphs (d)
and (e).

We can now check that the sum of (a) to (e) is a good approximation to G
in any of the regions A, B, or C (so that errors are 0(1/s)). In region A,
graph (a) is a good approximation to G, while (e) cancels (b) and (d) cancels
(c). In region B, graph (b) is a good approximation to G, while (d) cancels
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(a) and (e) cancels (c). Finally, in region C, graph (c) is a good approxima=-

tion to G, while (d) cancels (a) and (e) cancels (b).

V. & and b dependence of %

When L is large and 1/b<</Z, the methods of Ref.7 show that
iz Fob3) = 166,00 1)+ R0, 800 1) 1B (e, b5 0)+06)
- [6GeYt, (/D) x/0)+R(b,8 () i) -

P4 au”
S I AU B IR VINERY
1/b
Here M 1s a renormalization mass, and k,G and Yy have perturbation series start-
ing at order f. The second equality follows from the renormalization group.

EQ.(5.1) can be solved (with the 0(1/T) term ignored):

¥ b = SRS Gy, (5.2)
where
%/
s~ [ 2 1@y 669) - otz - Kb P1, (5.3)
i

~
and P is independent of §.

For small b (i.e., sufficiently smaller than 1/A, where A§500MeV is the
usual scale parameter of QCD) P has a light-cone expansion6-7) in terms of
ordinary parton distributions:

1+
) v 2 [ L Erem) £ @ (5.4)
’ a £ "qa'x* "’ a/ut="r’e *

X

~

P
q/H

The sum 1s over parton types (gluon and flavors of quark and antiquark), and

- 2
Tqa = ané(E/x—l) + 0(g?). (5.5)

VI. The expansion

Combining the results of the previous sections gives

W:‘;T‘l; " NEEqZIH(l‘g('SEAXBS NI @m? x



2, 1q b 2 10 1% 1., -5
x fd be T Pq/A(xA,b,u o) PE/B(XB’b’“ b)U(l,g(b)) e

dg dg €8 5 4
N &/— A B 1 A” B °T Q
+ < T £ A g sV D (C=y——y—5ihel))
sk EAEB a/A A c/B"B EAEB acx, "x, Q'
=I+Y. (6.1)
Here, the first term I dominates if qT<<Q, but the "correction term" Y is
equally important 1if a; 1s of order Q. Errors are a power of Q smaller than the
terms retained. We have used the renormalization group to avold large loga-
a -
rithms; thus we set p? = XpXps = Q2+qT2 in V and we set 4 = 1/b in U and in P.
This has the result thft S is 2S; plus an anomalous dimension term. From the
definition (5.3) of S;, we find that

X, X 8

A"B
X X8
s-2 | iﬁ[% A2 (540) - Rebse@)p)
1/b

~ G(u3g(w),uw) + Yc(g(u))], (6.2)

where Yc(g) 1s the anomalous dimension just noted. The factor N in eq.(6.1) was
defined in eq.(2.2). In the second term Y, the renormalization point M should
be chosen of order Q.

13)

There 1s a certain amount of prescriftion dependence in the precise defi-
nitions of the various factors in I, This arbitrariness does not affect the
cross-section, but it is convenilent to use it to simplify the expression for the

low transverse momentum term I. We rewrite it as

~

~ 2 N -1q,.*b -S
T - ngeq (2my fdzb e 1y Fq/A(xA’b) FE/B(XB’b) e ", (6.3)
where
X,X_S
A A'B d XAXBS - - 1 1
5 = f —5— Iz Y (8 (W) = 2KR(b,g() ) ] , (6.4)
1/b

with ?k’ K and F computable in terms of B(g) and the quantities appearing in I
in eq.(6.1). Also F has a light-cone expansion just like (5.4).

To compute the cross-section correct to leading order, so that corrections
give a factor 1+0(g?), it is necessary to know the fallowing perturbation ex-
pansions to the order given:
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- 8 oLs s (2) 0Ls

@) =3 +Y =) e (6.52)
_ o (1/b)
%= [2 +% (1n2 - YE)]_ST‘” teue, (6.5b)
V=1 400, (6.5¢)
Fom(x:b, = 1/b) = (2m* £ 0o = 1/b)+..., (6.5d)

S35 e tEEy J6 \Eyx) € - tsr [ 2 (ern?]

D =D -
gq gq 4m?

- st

[,y

N -A—E‘}—A—s(;f-‘i— Dt o+, (6.5e)
ar” - A B
D =D- =D _(A+B), 6.5¢F
qg qg gq(A ) ( )
_ 20
Dqg Dag _Ss 2 s (x,2E.2 + EAZXBZ)

3m 1 9p A °B

q
x 4 8 ((Emx,) (Egmxg)= =) = 8(E,=x,)8(Ey=xp)1

1 1
- 8(E,mx,) mx- S(EB'XB)W T (6.5¢)

ta) "~ ~
2 2
Here s = EAEBS’t = QZ-XAEBS, and u = Q —xBEAs. As usual a =g /Ty, g(u) is
the effective coupling, Yg is Euler's constant (0.577...), eq is the charge of

quark q in units of the positron change, and

fda‘(g) J fh(E)-h(x) (6.6)

The parton distribution £
Q? = u?

The only one of the above coefficients that we have not yet calculated is

q/A(x,IJ) is measured in cieep inelastic scattering with

for the two loop term in ?k' It has an important effect on the cross-section,

as can be seen from the leading order form:

sdo 2 o afn 190°P 1 1
E;;a;;afa; v Néeq (2m)%Jd*b e fq/A(xA;BJ fab(xB’E)
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Yx=xs 2
AB
1 XAXBS) EOL_S@_'- - s (1)
T u 3 07 Yk s
ag (1/b)
+2 (—f-an—YE) —Tr——ln(x Astbz) + Y. (6.7)

Here we assume that small values of b dominate in the Fourier transform, as we
will prove in the next section.

Parisi and Petronzio3) suggested this formula, but without the second term
in the exponent, without ;k(z), and without the correction term Y. All these
three quantities are necessary to obtain correctly the normalization and shape
of the cross-section with fractional errors of order g2. Nevertheless, their
result is qualitatively correct, and in particular, gives the correct leading
form for the s-dependence of the cross-section at small transverse momentum.

We expect there to be a 'K-factor", as usualz).
VII. Fouriler transform

Qualitative properties of the transverse momentum distribution are easily
derived from eq.(6.3). The factor e_s provides a cut off at large b. This cut
off gets stronger as s increases with Xy and Xp fixed. This behavior is 1llus-
trated in Fig.8, where sdg/(dxAde) is the Fourier transform of sdc/(dxAdequT)

n
sdg A sdg N
dx,d Z
A9%p dxAded qr

increase s
increase s

N

Fig.8 Effect of increasing s with X, and Xg fixed

This behavior is seen in the CFS datalb)

with about the predicted magnitude.
(We have not made detailed numerical fits.) Since large values of b are cut
off, the whole of the cross-section is dominated by short distance effects.

To get quantitative results, we can perform the Fourier transform numeri-
cally (which we are in the process of doing) or we can use the following ana-
lytic methods’g’ls):

1, Mellin transform the integrand in I, to give ZM(r).

2, Write E(qT) in terms of ZM(r).

3. Compute EM(r) by expanding about a saddle point.

4, Compute.l (qT) by expanding about a saddle point.
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The analytic method works as follows. Define new variables by:
w = ln(xAst//\z),
wz = 1n(1/(b%A%)),
t = 1n?/AY),

T =t/w
u = 1n(q,?/ (4h*)) /v, (7.1)
so that we have
% () 12_1_ 72(153-19) lnt , ¢ 1n ey .2)
T 33-2N t (33-2N8)3  t2 ’ *

with N flavors of massless quark. Then we rewrite I in eq.(6.1) as:

iq - b
b =/d2b e T e-wI(Z)R(z,w). (7.3)
Here
X, X_ 8
AR _P_ R 1
wI(z) = A f lrr——u—m
1/v?
i
= Awfd’r(l-r)[r, (7.4)

where A = 16/(33-2N),is the leading logarithm contribution to S. The factor
R(z,w) varies less rapidly with w.
The Mellin transform is defined to be:

o

2 24.2,T
Zy(r) =f %" D e-mI(Z) R(z,w)
0

oo

- u)fdz e-w[rz-I(z)]R(z w. (7.5)
Then we have ) r
. fa
T
T

where ' is the contour in Fig.9.
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Fig.9 The contour T

The integral in eq.(7.5) is dominated by the saddle point at z = zo(r) =
A/ (A+r), so

(ZTrAm);5 e-w[zor+I(zo)]

ZM(r) v ar R(zo,w) . (7.7
Thus
5(q) = (811Au>);5 [d T'(l-r) R(Zo(r) )
At iqu T T Atr
r
x exp -{[(zo(r)-u)r+1(z°(r))]} (7.8)

There is a saddle point at T, = A(l-u)/u so that zo(ro) = u., But there is also
a pole at r =1, so that a simple saddle point expansion does not work. We con-
sider separately the two cases t°<1 and r°>1.

If ro<1, then qT>ch where

Qe = 2Al/(A+1) (xlxzq.)A/ (2(a+D)] . (7.9)

We treat the pole of I'(l-r) exactly and the rest of the integrand in the saddle
point approximation to obtain
4 omg 2 T2 (u)u

__4 2mw. ST o ~wI(u)
L= qu( ) T(r, (@) e R(u,w)€, (7.10)
where
€ = % e¢2 erfe(¢), . (7.11)
(a+l) %
¢ = w*(u-u ), (7.12)
@a)* c
u_ = A/(A+1).

c
If qT<qTc then ro>1 and it is the pole that is most important. We find

) b
pa by G e

1 2
—wlu ~w>AQ-u/u.)?] wI(u)
c 2 c e ¢’
qT A+l

(7.13)

When qT—>0, we have

287
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£(q=0) = K%T TV2Aw R(u_,w) 1a/2(1-a)’ (7.14)
(xlxzs) -
where
a = A 1n(1+1/A) = 0.6, (7.15)

The dramatically s-dependent value of I(0) provides a good way of measuring A
accurately, Note that the two loop term, which we have not yet calculated, in

Yk 1s necessary to normalize R(uc,w) correctly. Note also that the maximum re-
levant value of b is given by z = zo(l), i.e.
-1 - N
b (XIXZS) LA/ (A+H]) A 1/(A+1)’VQ—A/(A+1)A <1(a+1) (7.16)

which illustrates the short distance nature of the problem as Q*x,

Corrections to the saddle point expansion are computable and involve in-
verse powers of w relative to the leading term (7.8) or (7.10)., Some of these
are order (lnzw)/w or of order w_%, and should be computed before comparison

1s made with data.
VIII, Problems

The result for e++e- + A+B + anything that corresponds to eq.(6.l) has a
complete proof6-7). At first sight, the proof seems to apply also to the Drell-
Yan case, as we have summarized in the previous sections. Howevera), there 1is
a momentum region of soft exchanges for which the soft approximation (Figs.4 and
5) 1is invalid. This 1s the region of Glauber scatteringle). In the e+e- case,
the momentum integrals can be deformeds) out of this region and the i€ in Fig.5
can be consistently chosen so as not to prevent the deformation. The the
Glauber region is effectively absent.

We have not been able to make this procedure work for the Drell-Yan process
Thus our proof of eq.(6.1) is incomplete. Closely related phenomena are
treated by Doria et 3117).

Another related problem is in the proof of factorization in the usual sense
for large transverse momentum processes such as Drell-Yan with qTNQ. It is
necessary to prove cancellation of soft exchanges., The first complete proof was
given in Ref.8 for the e+e- case, by using the soft approximation of Section
III. Precisely the same obstacle described above hindered a proof for the
Drell-Yan or any other process with initial state hadroms.

So factorization for dilepton production remains, on the theoretical level,
a conjecture, even though strongly supported by experimentlg). We believe that
1f a proof of factorization is found, then we will be able to prove eq.(6.l1).

Note that no problems ariselo) in the absence of gauge fields.



IX. Conclusions

We have seen that the Drell-Yan cross-section at low transverse momentum
appears to be a short distance problem. It 1s, therefore, perturbatively com-
putable in terms of the parton distributions fa/H(x)' The reason for the cal-
culability is the copious emission of gluons. There is strong energy dependence
and this will allow an accurate determination of the strong interaction scale A.

"Two problems remain. The first is to calculate the O(g“) term in Yo This
is needed, in particular, to relate A to the shape of the cross-section at low
Qpe The second problem 1s to extend the proof of our result in e+e— annihila-
tion to the Drell-Yan case.

Acknowledgements
This work was supported in part by the U.S. Department of Energy under con-
tracts EY-76-S-06-2230 and DE-AC02-80ER10712,
References
1. S.D. Drell and T.M. Yan, Ann. Phys. (NY) 66, 578 (1971).
2, E.g.: Other talks at this meeting;
Yu.L. Dokshitzer, D.I. Dyakonov and S.I. Troyan, Phys. Rep. 58, 269 (1980).
3. G. Parisi and R. Petronzio, Nucl. Phys. B154, 427 (1979).
4. S.D. Ellis and W.J. Stirling, Phys. Rev. D23, 214 (1981).
5, P,E,L. Rakow and B.R. Webber, Cavendish Lab. (Cambridge) preprint HEP 81/4.

6. J.C, Collins and D.E. Soper, "Parton distribution and decay functions",
IIT preprint.

7. J.C. Collins and D.E. Soper, "Back-to-back jets in QCD", Oregon preprint
0ITS-155.

8, J.C. Collins and G. Sterman, Nucl. Phys. (to be published).

9. D.E. Soper, in L. Durand and L. Pondrom, Proc. XX International Conference
on High Energy Physics, Madison, 1980; J.C. Collins and D.E. Soper, "Back-
to-back jets: Fourier transform from b to QT", Oregon preprint OITS-153.

10. J.C. Collins, Phys. Rev. D21, 2962 (1980).

11. G. Grammer and D.R. Yennie, Phys. Rev. D8, 4332 (1973).

12, W, Zimmermann, Comm. Math. Phys, 15, 208 (1969).

13. J.C. Collins, Phys. Rev. D22, 1478 (1980).

14, A.S. Ito et al, Phys. Rev. D23, 604 (1981).

15, H.F. Jones and J. Wyndham, Imperial College preprint ICTP/79-80/48.
16, S.J. Brodsky, personal communication.

17. R. Doria, J. Frenkel and J.C. Taylor, Nucl. Phys. B168, 93 (1980).
18. E.g., experimental talks at this meeting.

289






LEPTON PAIR PRODUCTION AT HIGH TRANSVERSE MOMENTUM

F. Halzen
Physics Department, University of Wisconsin, Madison, WI 53706, USA

D.M. Scott
Department of Applied Mathematics and Theoretical Physics,
University of Cambridge, Silver Street, Cambridge

ABSTRACT

We give a brief account of the phenomenological status of QCD calculations
for the production of lepton pairs and direct photons at high transverse
momentum, and discuss some consequences for collider energies.
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Introduction

Data on the prodiction of high mass m, high transverse momentum pT lepton
1)

pairs in proton-nucleus collisions appeared over three years ago °, followed
closely by calculations of the spectrum in lowest order perturbative QCDZ). The
similarity between calculation and data gave support to the simple interpretation
in terms of O(as) QCD mechanisms, in particular, quark-gluon Compton scattering.
This then led to predictions of copious direct photon productions) at high pT,
where the same 0(0._ ) QCD mechanisms are utilised and for which there is now
experimental evidence4), and to many calculations of the high pT cross section to
leading logarithms, in a region where Q/pT is also large.

Here we wish to give a short account of the present phenomenological status
of the calculations. We review results for pN interactions, and present cal-
culations for the pT distributions of lepton pairs in TN interactions, and for
the bremsstrahlung mechanism for producing high pT direct photons. Finally we

make some remarks appropriate to collider energies.

0(ag) calculations

The familiar O(QS) QCD subprocesses for high m, pT virtual photon production
are shown in fig. 1. Calculations are described in detail in refs 2) and here we
note that:

(i) At high pT the diagrams are appropriate for calculatings) cross sections

for lepton pairs with O <m 5_0(5}), not just high mass. We return later to the
case m = 0, direct photons.

(ii) In proton-nucleon scattering, the gluon-quark Compton scattering diagram,
fig. 1la, is supposed to dominate at high pT, because of the fast fall-off with x
of the antiquark density in the nucleon q(x). Consequently the high pT cross
section depends directly on the gluon density in the nucleon G(x). The similarity

between data from CFSl)

and the "bare'" calculation with no regularisation or
smearing, for pT > 1 GeV, gives evidence for the validity of the lowest order
calculation, and so for the existence of the gluon. A gluon density of the form
xG(x) = '}(n+1)(1-x)n with n = 5 is consistent with this data, as demonstrated in
fig. 2 (and with a lot of other data as well).

We have carried out the O(as) calculation for T N scattering, and compared

it to data from NABG) in fig. 3. We used NA3 quark densities7), and the shape of

the pion's glue density was taken from an analysis of ¥ productions). We see
that the "bare" QCD calculation gives a result which is a factor 10 below the
data for p, 2 1 Gev. However if we use the methods of Altarelli, Parisi and
Petronzio2 to smear with a parton intrinsic <p¥> =1 GeVz, and multiply the

9
result ) by 2.4, we get much better agreement with data as shown in fig. 3. We
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note that qa annihilation dominates the high pT cross section in T N scattering,
while qg Compton scattering dominates in pN scattering, so there is no reason for
the two processes to have the same high pT K-factor.

As pT + 0 the cross sections diverge as

- 2
a9 . 1 a4 Jln(s/p,r)
"2 2 2 2 M
dpp, Pp dp, Py

and so we may only compare the O(QS) calculation to data for sufficiently high pT.
The divergences in eq. (1) are of course absorbed as scaling violations in quark
and gluon densities, but the pT moments of the cross section are finite, and

dividing by the lowest order pT-integrated (Drell-Yan) cross section, we have

2> = o ) sFai/e) , @)
where F can be calculated from parton densities. It develops dependence on as in
higher orders. We emphasize that QCD gives the coefficient of s in eq.(2), but
that extra contributions to <p§> coming from smearing and reéularisation effects
must also be present — the O(as) QCD cross section does not describe the data
for low Pp- It usually turns out that the contribution to <p:> from QCD is
smaller than that which must be taken from intrinsic transverse momentum, and very
little is known about intrinsic pT. It may, for example be strongly x dependentlo).
In fig. 4 we show data on <p%> at fixed Ti =m /si =0.275 in T N scatteringll),
which follows the scaling given by eq.(2). However the numerical value of the
coefficient of s should be calculable in O(GS) QCD. The O(GS) moment divided by
the theoretical Drell-Yan cross section gives an answer too small by about a
factor 2. This is probably very sensitive to the argument of as' which we have
taken to be mz. If pi is used instead, some ad hoc cut-off to avoid the singular-
ity at pi = A2 pust then be applied.
This is clearly an area warranting more investigation, both experimental and
theoretical. In order to give a detailed description of the data the effects of
A dependence, smearing, leading logarithms and higher orders may be needed.
Finally, we should not forget the fire sausagelz), which gives an appetising des-
cription of all this data

Direct photons

At high pp one need not pay the extra price of high m in order to test QCD
calculations. High pT' low m lepton pair cross sections have been studied in ref.
3,4,13
5), and much effort has been devoted to high P direct photon production™’ ™’ ),

for which m = 0. The same subprocesses as for high m lepton pairs are required,



294

data out to Pp = 12 GeV from the ISR, and information about correlated hadrons
exist — this makes direct photons very attractive as a probe of QCD. Present
ia'a on cross sections and correlated hadrons are consistent with QCD expectations.
We show datal4) compared to an early QCD calculationls) in fig. 5.

Another way to get a high Pp direct photon is by bremsstrahlung from a high

pT quarkle), for example as shown in fig. 6. Detailed estimates made by

Contogouris, Gaskell and Marleau17)

have suggested that at very high pT this
mechanism may dominate. Simply, this may be because, as they are assumed to be
controlled by a parameter like pi, scaling violations make G(x) become softer
relative to q(x), allowing the bremsstrahlung mechanism to appear above the
previously dominant quark-gluon Compton scattering mechanism of fig. la. There
is a discussion in ref. 18.

The experimental characteristics of the two subprocesses are that in the
2 * 2 scatters of fig. 1 the photon is produced unaccompanied by hadrons, whereas
for the bremsstrahlung mechanism the photon is accompanied by the hadronisation
products of the quark which emitted it. Experimental evidence exists for the two

19,20) 20)

components , and in particular, data from CCOR is plotted in fig. 7.

What is plotted is

o
£, Y/ H T 3)

with i = A (accompanied), U (unaccompanied). Then

[
- T
W A0 T @
Y., o °
- T
U fU(l PO
From fig. 7 we see that for P = 12 GeV, fA = fU and so
Ya T
Y—:ﬂ—o, pp = 12 GeV . (5)
U U

As high pT ﬂo's are fragments of high pT quarks or gluons, we expect ﬂz > ﬂo ,
which indicates via eq.(5), important production of accompanied photons, which we

interpret as bremsstrahlung photons.

Leptons at collider energies

It is easy in principle to extrapolate the calculations to collider energies,
e.g. /8 = 540 GeV, but in practice it is necessary to evolve parton densities
over a very large range of Qz. This surely leads to uncertainty. However, our
intention here is not to give a detailed discussion of this, and we use parton

15) 21)

densities which scale or which have simple scale violating forms
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As well as electro-weak production of lepton pairs, there is another
important source. This is via heavy quark-antiquark production and semileptonic

decayzz)

PP> @+ 2 +x)+(Q+2 +x) +x, (6)

where Q = c,b,t(?). Because of weak isospin assignments, dominant production for
high mass lepton pairs is from b flavour. A sample calculation of the dilepton
mass spectrum in Ep at Vs = 540 GeV is shown in fig. 8. The limits of the bands

15,21
come from two choices of parton densities '’ ).

The pT distribution of such
pairs can also be calculated, and the result for m = 20 GeV is compared to the
O(GS) QCD result in fig. 9. We note that such leptons may be distinguished from
electroweak pairs in that (a) they are accompanied by a hadron shower, and (b)
the rates for u+u- and u+e- will be the same.

The subprocesses in fig. 1 can be used to calculate the high pT spectra of

23)

the weak bosons, W,Z The measurement of these spectra will be useful in

24)

testing various leading logarithmic modifications of the O(QS) result , which

require Q/pT as well as Py to be large, and which may be appropriate for even
Pp ~ 0., A particularly sensitive measurement will be the Pp spectrum of the
charged lepton £ from W + v decay. If the W is produced with <pT> = 0, then
this spectrum exhibits the pronounced Jacobian peak at pT = imw. This peak not
only shows the existence of the W, but also pins down its mass — an essential

quantity for testing higher order calculationszs). The 0(as) subprocesses of

fig. 1 suggest that for W,Z, <p§> = 100-200 Gevz. What will happen to the
Jacobian peak? Ih a detailed O(as) calculation, Aurenche and Lindfors show that

26)

the peak remains but using a W spectrum calculated in leading logarithm may

flatten it into a broad shoulder. This is under investigation27).

Concluding remarks

(1) The high Pp spectrum of high m lepton pairs in pN collisions is understood
in O(QS) QCD in terms of quark-gluon Compton scattering. It seems that the
spectrum in T N collisions may be understood in terms of qq annihilation if the
factor K =~ 2.4 is applied to the pT distribution as well as the pT—integrated
cross section. The calculation of this K factor is almost upon us °, and more
phenomenological work needs to be done.

(2) Direct photons at high Pp have provided another way of looking at the same
QCD mechanisms. What they lack are the complications attendant to a two-scale
process. Experimental results on cross sections and correlations are in
encouraging agreement with QCD expectations, and evidence is now accumulating for

the existence of the bremsstrahlung component at very high pT.



(3) At collider energies Qé (Q = c,b,t) production and semileptonic decay will
provide an important source of lepton pairs. It should be possible to separate
these from continuum pairs by examining associated hadrons, and u+u-, u+e_ cross
sections.

(4) Because of the high energies, m's, pT's involved, pT spectra of the weak

bosons will provide a good testing ground for leading logarithm calculations.
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Fig. 1, 0(&5) QCD diagrams for producing a high p, real or virtual proton.
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Fig. 2.

The O(QS) QCD calculation
is compared to data on the
pr distribution of high
mass lepton pairs produced
in pN collisions.

297



298

3

do/ p;dp; (nb/ GeVnucleon)
o,

T N—F X
I 280 GeV

1 1 ] 1

0 2 4

Pr(GeV)

3 T T T T T T
| TN X
m/vs=0275
2

P> GeV?

0.74+ 0.003s

i

i
200

200
s (Ge V)

1
600

Fig. 3

The pp distribution of
lepton pairs with 4.1
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compared to the O(QS)
calculation, and

to an O(ag) calculation
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Fig. 4.

<P%> of lepton pairs in
TN collisions at fixed
m/Vs = 0.275.
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The bremsstrahlung mechanism
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photons in hadron-hadron
collisions.

Y/ALL

299

Fig. 5.

The O(ag) QCD calculation is
compared to data on the pr
distribution of direct
photons produced in pp
collisions.
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The ratios Y/(y+ﬂ°) for unaccompanied
(U) and accompanied (A) triggers plot-
ted as a function of pp. The trigger
is at 909 in the centre of mass, and
the data are a combination of Vs = 44
and 62 GeV.
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o( aé) CORRECTIONS TO HIGH TRANSVERSE MOMENTUM LEPTON PAIR PRODUCTION

G. Martinelli
CERN - Geneva

ABSTRACT
I present a calculation of the distribution of high transverse momentum
lepton pairs in Drell-Yan processes up to order aé.
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In recent years it has been realized that QCD perturbative corrections to the
naive (renormalization group improved) parton model can give sizeable and measurable
effects, In particular, we know that O(QS) corrections to lepton pair production
significantly modify the results given by the Drell-Yan formula 1). Let us define
the ratio :

do

dQ2|LLA + 0(ag)

K(t) = T = Q%/s
do

52

(1)
LLA

Q2 is the mass of the virtual photon (lepton pair system) and K(1) measures the
magnitude of the first order (non-leading) corrections. (do/dQZ)LLA is the Drell-
Yan cross-section, improved by resumming the leading logarithms in as(QZ) n Q2 to
all orders in perturbation theory Dﬁﬁj is achieved by transforming the scaling parton
densities q(x) in the Drell-Yan formula into corresponding non-scaling densities
q(x,Qz) obeying the Altarelli-Parisi evolution equations 2 ]- (dO/dQZ)LLA+O(uS)
is the cross-section computed by going beyond the leading logarithm approximation
to include corrections ~aS(Q2) that go to zero as 1/&n Q2/A2 for Q2 + », Using
the parton densities measured by deep inelastic scattering, it turns out that the

K factor K(t) is significantly larger than 1 [K(7)~Z] and substantially inde-
pendent of T at present accessible values of S and Q2 3). The K factor is
essentially (but not only) due to soft gluon emissions that, at order Ogs modify
differently the electromagnetic vertex in the space-like region (deep inelastic
scattering Q2 < 0) and in the time-~like region (Drell-Yan Q2 >0).

The scope of our research was to determine whether a similar phenomenon will

happen for the transverse momentum distribution of lepton pairs.

In the limit in which all partons are collinear to the parent hadrons (i.e.,

2 intrinsic

neglecting terms ~(pT) /QZ), virtual photons with high transverse momentum

are produced via gluon bremsstrahlung or Compton scattering as shown in Fig. la,b,c

2
7(Q?) 7(Q%)
- 7@ /'Ta; @
—p — —_—r a P CETETEICTNT
q q q ;9 q q(q) Gluon
Gluon o
q(@)

Fig. la - Lowest order qq annihilation. The Fig. 1b,c - O(ag) high transverse mo-
trapnsverse momentum of lepton pair is mentum virtual photons are produced by
~(p%)1“tr1“51C/Q2. gluon bremsstrahlung (1b) and Compton

scattering (lc)  qf ~ Q2.



303

It is clear from Fig. 1 that, because high transverse momentum photons are pro-
duced by the interaction of quarks and gluons, the cross-section dzo/dQqug is at
least of order g -

Then K factor for do/szdqi will come out (if it is there)
at O(Qg) in perturbation theory.

A second interesting (related) question is whether or not second order corrections

modify the slope of the average transverse momentum plotted against S. This is de-

fined as :
do
qu 2
<q2> 1 f T T dq? q,%
- = aS(QZ) £ [ Ty GS(QZ)]
S S u/” 5 do
dqs ————
T
dQqui (2)

Bhe relation of Eq. (2) is true to all orders in aS(QZ) on general dimensional
groundé]. If the corrections to do/dQ2 were small, then formally a calculation at

order o, would only require dc/sz at order zero in the denominator [?q. (2{].

Because :e cannot neglect the O(US) corrections of the denominator Emcause of the
K factor in Eq. (IU,VE must investigate the 0(u§) corrections of the numerator.

The computation of the 0(a§) correction to do/dq% will also allow us to test the
range of validity of various asymptotic formulae obtained by resumming to all orders

leading (as well as subleading) terms in Og Enz qi/Q2 4). I briefly recall some

basic formulae then I give details on the computation of do/dQqu% at order ag.

From now on, all formulae and results will refer for simplicity to the '"non-
singlet" lepton pair production, for example cﬂt,w - oﬂ-‘N: This allows me to eli-
minate from the formulae the contribution coming from sea-quarks or gluons in the
initial state. All formulae can be easily extended to the more general case. More-
over, I will always give the formulae for the cross-section do/dq% for producing
a virtual photon with mass QZ. The corresponding cross-section do/szdq% for
lepton pair production is obtained by multiplying the cross-section by the factor

a/3ﬂQ2, o being the e.m. fine structure constant,

Let us start from the hadron invariant cross-section for producing a virtual

photon of mass Q2 and momentum E expressed in terms of the partonic cross-section :
doHADRONS 4034

Q — =ﬁxﬁx Vi) 721 o —  +
o daa 1 2 1 27 o d3a

H) H, a0
CVOED VY Q) — 3)
d3q
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Qo(doqq/d33) and Qo(dcqq/dBE) are the partonic quark-antiquark and quark-quark
cross—-sections and VHI:Z(xl,z) are the probabilities of finding a valence quark
(antiquark) with a fraction xl,2 of the longitudinal momentum of the parent
hadron. Equation (3) can be rewritten as :

HADRONS

o 1 1 H; _Hy

=f dxlf dx2 v (xl) v (xz) Sp
0 0

d a0

dq?a dt_d
T p™p

P dt_du

qq
H H do
v ) Vi) S } @)
P P

with :
1 Q° + ¢
y =—12n (——————Jé)
2 Q° - q
t,=x -0 +? = (p - @ = (xP - ?
u = xy(u - Q%) + Q% = (py - @ = (P, -~ @)
S =x,%x8=(p, +p )2 = x,P, + x,P.)2
12 1 2 171 272
e = -st2J7 + Q2 exp(-y) + @
u = -sl/? Va? + q% exp(+y) + Q= (2, - Q)2

(e, - q)?

Py o (P1 2) are the momenta of the incoming partons (hadrons) Sp(doqq/du dtp) is

’ ’ a

of order ag. At order g Sp(doqq/dupdtp) is easily computed from diagrams shown
in Fig. 2 5),

H — e~ P| EERaE Uidiiind
1 +
Fig. 2
and it is given by :

a0t ZﬂGuSCF u t ZQZS

s - e P2, P __P) . G(Sp+tp+up-Q2) (5)
P N t t
depduy p p " '



eq2 = parton squared electric charge in units of a, C, and NC are 4/3 and 3, res-
colour* 2 the right-hand side of Eq. (4)

using the cross-section given in Eq. (5), and we obtain :

F

pectively for SU(3) We can integrate over x

HADRONS o 1 Al ) 2 (xy)
2 = —— eq -0 dx ———————————————E—
dqpdy 98 g’ x1"2["1S *u- Q] (6)
u t 2q2s
[_p - ' p}
t u
P p %

with uP and tP expressed in terms of u, t and Q2 as in Eq. (4), but with X,

given by :

-Q% - x (t - @)
%y =
xS + u- Q? (7)
Equation (6) contains all the information we need to compute the a5 distribution and

the average value <qp> and <q§>.

. . . 2,2
Note that the cross-section in Eq. (6) diverges as in qT/qT as
q%—>0.

On the other hand, when one integrates over 9, to obtain the correction to the
total cross-section for lepton pair production da/dQZdy at fixed Q2 and y, the
logarithmic divergence at q% =0 will give terms ~Og n Qz/uz, where pz is some
regularizing reference mass. These terms, resummed to all orders in Og n QZ/uz,

will precisely transform V(x) -+ V(x,QZ) 2).

The numerical results, obtained by using the formula given in Eq. (6), show that,
at present energies, the measured average transverse momentum is systematically higher
than the O(GS) predicted by QCD. This seems to indicate that an "intrinsic" non-

negligible transverse momentum is needed to explain the data.

This intrinsic transverse momentum, however, will not change the slope of the
distribution dc/szdq% versus qi for qi > 1+ 2 GeV or the slope of the average
transverse momentum with S [Eq. (2{]. These quantities are uniquely predicted by

QCD and can be tested by experiments.,
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It should be noted that Drell-Yan processes are one of the best candidates to
test transverse momentum predictions of QCD because we do not need to reconstruct
parton transverse momentum in the final state, unlike deep inelastic scattering,
because the lepton pair defines an axis. The only unknowns in Eq. (6) are the parton
densities which, at least for valence-valence annihilation, are rather well-known

(even in the case of the pion 6)) from other independent experimental measurements.

In the following, I report the results of a computation made in collaboration
with R.K. Ellis and R. Petronzio. In the first stage we only calculated O(ag)
corrections for N - n N or pN - pN. This is a good laboratory to start with
to learn how to make the computations. We also think that this first step, even if
theoretically incomplete, gives us important information for Drell-Yan processes where
the contribution of sea quarks and gluons in the hadrons is very small at lowest order
as for 1 N or pN. To give an idea of the complexity of the computation, I show

the relevant diagrams in Figs. 3, 4a,b.

G G G I C G
T T T e
Y Y 4
Y Y Y
Y Y Y Y
4 %,
£ + c‘; + oo +
Frvvevry —— 3 G _.-“—""-pG
Fig. 3
G
—_—7 —vvmmGI ——vrvewn G ! —_—7
a::Gn + Y o+ Wevvren G2 + *G2 + brovern G2 +
— ‘G2 pa— G2 e 4 —Y —mvaI
—’vm‘"vGZ —rn'vvaZ Y
Y + prevern G, 4+ G,
e G —
1 Y s,
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a(q)—L —

Fig. 4b

Our starting point is the computation of the partonic cross-sections
Sp(dcqq/dupdtp) and Sp(dcqq/dupdtp) of Eq. (4). To regularize ultra-violet, as
well as infra-red, logarithmic divergences arising in the intermediate stages, we
used dimensional regularization. The computation of virtual diagrams is more easily
performed by first squaring the amplitudes (interference between the diagrams of
Fig. 3 with those of Fig. 2) and performing the traces. Then all loop integrals can
be reduced to a quite reasonable number of Lorentz scalar integrals. Our results for
virtual diagrams by crossing the channels s , t_, u_, reproduces the result reported

P P P
in Ref. 7) and this checks our computation for this part.

Then we consider real diagrams. We have three-body final state phase space with
a massive photon of mass Q2 and two massless quarks or gluons. For fixed uP and
t_, the invariant mass of the system recoiling against the photon is fixed
@F = (p1+p2—Q)2 fixe@]. At fixed SF we integrate over the photon phase space and
over the angles of the two quarks (gluons) system 8). At this point we find (in di-
mensional regularization) terms proportional to Sgl_e, with € = 2-D/2, D being

the dimension of the spacetime. These terms can be rewritten using the identity :

nS. 1
—€|: F -—5(SF).

(SF) SgAX €

(sp)"17e=
(Sp), gAX

2
€
MAX MAX
. {1 - efnSy T + 7; anSF } + 0(e?) (8)

The distributions of Eq. (8) are defined as
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MAX 5
s £(5p) SN £(8p) - £(0)
f dSF =f dSF —_—
0 MAX 0
(SF)+SF SF
MAX MAX
SF lnSF SF [f(SF) - f(O)] nS
f s, £(5,) =f as E
0 PR s [omax Yo F
F SF SF 9)
MAX
for F = 1 we recover the usual .definition of the (SF)+ distributions.

Using the identity of Eq. (8) the soft divergences that will arise at SF =0
2 in Eq. (4) and the finite pieces at SF =0 are
explicitly separated. The final result for real diagrams is then a sum of poles in ¢,

when we integrate over x; and x

distributions in SF and finite functions of the parton Lorentz invariants s_, t_,
P P
up and SF'

The poles in ¢ arising when computing both virtual and real diagrams separately
are related to the logarithmic singularities of the theory. They can be elimiated as

follows.

a) Ultra-violet divergences associated with the renormalization of the coupling cons-
tant (see, for example, the first diagram of Fig. 3). These divergences are re-
moved by Lagrangian counter-terms. The related Feynman diagrams transform the expansion

parameter ag into the running coupling constant.

b) Soft divergences at SF =0 for real diagrams : SF is equal to zero when one of
the two gluons (Fig. 4a) becomes soft. These divergences cancel against the cor-

responding soft divergences given by virtual diagrams (Kinoshita-Nauenberg theorem),

c) Collinear divergences : they are eliminated by redefining the parton densities.
This can be done because collinear divergences are universal, that is, independent
of the process (exactly as the parton densities are defined to be) and they depend only

on the external legs (quarks or gluons).

The resulting cross-section is finite (this is a strong check of the computation).

We have :



309

4gHADRONS B, ., 4,94
= _/;xldxz v (xl,MZ) v (xz,Mz) s —
dqzdy P 4t du 2
T PP O[QS(M )]
do H H do 44
+s, —— + v Nx ,M2) ¥ 2(x,,2) s, ——
dt_d
pp O[ag(Mz)] dtpdu, o[&S(MZ)]

with

2.
Veon?) - Vg(x) * GIs./;l z {m M_z Faq (§> * faq (§>}VS(Y) (o
y H y y

P (z) 1is the usual kernel of the Altarelli-Parisi non-singlet evolution equation

ang qu(z) is the kernel that defines the parton densities in terms of those mea-
sured in other processes (as, for example, in deep inelastic scattering or in the G
integrated total Drell-Yan cross-section 3)). qu(z) makes Sp(daqq/dupdtp)aZ in-
dependent of the regularization procedure. Sp(dcqq/dupdtp) (in this particular case)
is by itself a finite and well-defined quantity. M2 is the scale at which the parton

densities are probed and the scale of the running coupling constant. The choice of

MZ is arbitrary in perturbation theory. Physically, the best thing to do is to
choose Mz in order to minimize the correction. We have a complete analytic answer
for Sp(dcqq’qq/dupdtp). The final formula is rather simple (~hundred terms) if com-

pared to the intermediate expressions where thousands of terms are generated.

At the end of the computation, gauge invariance and crossing symmetry between
up and tp cancel a lot of terms. At each step of our computation we used the
algebraic programme SCHOONSHIP written by Veltman. It is not very useful to present

the final result here (~two pages). I want simply to make some comment on the final
result :

i) the factor (aS/Zn)CFnz, responsible for a large part of the correction for

dc/sz, is present ;

ii) however, many other factors of the same order of magnitude are present and a

detailed numerical analysis of the final formula is needed.

I can anticipate that the correction is expected to be large and positive. Some
resummation theorem for large corrections coming from soft gluon emissions will pro-
bably be necessary, otherwise the result would be meaningless in perturbation theory.

Our computation is easily extended to real photon production (Q2 = 0).
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Abstract: An introduction to the physics of multi-gluon radiation in hard
processes is presented.
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In this talk I want to present in a simple way some of the basic physics con-
cerning gluon radiation in hard processes. At this meeting we have heard from
David Scottl) that lowest order QCD gives a diverging cross-section as the trans-
verse momentum of the lepton-pair goes to zero:

gl 2

r O
One way to avoid this singularity is to construct an ad hoc formula which re-
produces the naive Drell-Yan formula at small QT and goes over into the QCD
expression for large QT . This intuitivezconstruction leads to a good descrip-
tion of the data as was shown by C. Brown ) at this meeting. From a theoretical
point of view this is not very satisfactory since it is an artificial construc-
tion. To discuss what really happens at small QT I will present the case of
ete™ annihilation into constituents first. The corresponding treatment of lepton-
pair production by the scattering of constituents differs from this only in a
minor way and can best be treated starting from the formalism of G. Plaut3) at
this meeting.

To Towest order in QCD we only have the annihilation diagram for efe” going
into constituents:

q 9
et o
E E-
Introduce the energy fractions x_ = E—il— and x- = 3 9 ; the correspond-
beam q beam
ing expression for the differential cross-section is then given by
2 + - —
_éuee—"qql=5(1-x)5(1-x_) (2)
dxq dIE q 9

since each constituent will have x =1 . Difficulties will show up when we Took
at the first order QCD-corrections; for ete” - qqG the differential cross-sec-
tion is given by

20, x2 + x*
q %5 n (1 - xq) 1~ IE)

(3)

This expression diverges for x_ -»1 and/or x= - 1 . These divergences are
related to the behaviour in eq. (1). To clarify their origin we decompose
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equation (3) according to the corresponding diagrams in the Feynman gauge

Z
1 - x
e (42)
q
€+ e

The divergence arises when rq =1 and x # 1 ; i.e. when the final state con-
figuration is as in the figure:
é—————————4¥¥¥¥7‘9
9 i G
antiquark and gluon are produced parallel to each other, this is called a collinear
divergence. Note that this gives rise to a simple logarithm upon integration.

Similarly when the gluon is radiated from the q we have:
2

1 - Iq
T-= (4b)
q
and the divergence arises from the configuration where quark and gluon are
parallel to each other:
Gé\%—;
q q
At last we have the interference term which is given by:
2(x, + x=-1)
(4c)
1- 1 - x
(1-x) (1~ )
it gives an extra divergence when both x_ and xa are equal to 1 . This can
only happen if the gluon is soft
soft gluon
* S,
=t

%:7 q

This is the only term which leads to a logarithm squared upon integration. There-
fore in the Feynman gauge, the interference term (4c) is the dominant term.
When summing the contributions (4a), (4b) and (4c) we find back the differen-

tial cross-section given in (3) (up to an overall factor):



x2 + x2
(4a) + (4b) + (4c) = 9
— —=
q q

The fact that in the Feynman gauge the leading term is associated with the inter-
ference term makes it difficult to generalize this calculation to the emission of
arbitrary numbers of gluons. At this point comes the crucial observation of
Dokshitzer, D'Yakonov and Troyan4) who repeated the above calculations in the
axial gauge and found a different situation. In the axial gauge the summation
over gluon polarizations is given by:

k n+ kV n k. k

Te(A) e A) = -+ HE b - n? (ku-n)v ®)

where k_ is the 4-momentum of the gluon and n, is a fixed 4-vector such that

e'n =0 . For the choice , the momentum of the outgoing antiquark, the

n.=7q
u u
factor ken appearing in the denominator of (5) becomes:
ken - k'a
1,—
= 5(q + k)*
1
= 50 - 9)2

=%02(1 - x)) (6)

Therefore, in the axial gauge, it is possible to rearrange the singularity
structure corresponding to (4a), (4b) and (4c). In the case of the above example
this is shown in the following table:

Feynman Axial gauge
gauge with n, =9,

% - 1-x 1 - x
i 1 - xq 1 —_Eﬂ
B q
f2
Q\\ﬁﬂq 1- X (1 - xq - xa)2 +I%

Tz T  (L- %)
et e
2(= +x, - 1) 2(x + x- - 1)
Interference 9 9 9 4
T-z3{T-x) I - x
Q q q
x? + X2 x2 + x
Total — xq q_ — - 19 q_ =
tm Xy g YT g
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The interesting point is that in the axial gauge the dominant term is given by
the diagram where the gluon is radiated from the quark line. This makes generali-
zation to multi-gluon emission easy: in the axial gauge where n, is given by
the antiquark momentum the dominant term in the cross-section will be given by
the diagram where all gluons are coming from the quark line:

et e

In the case of lepton-pair production one has to turn this diagram upside down
and change the arrows on the fermion lines. The quark and antiquark lines will be
treated in a more symmetric way if one chooses n, = qu + Eu . Actually the
choice most often encountered in the literature is nu = Aqu + Bqu with A and
B arbitrary constants. As a check on the calculations, the final result must be
independent of A and B as a consequence of gauge invariance. In the axial
gauge one is finally led to the consideration of the discontinuity of ladder

q7 i 3 “q
q A < q
p W

Let us proceed with the case of e*e” annihilation and ask what the differential

diagrams:

NE

cross-section is for the acollinear final state configuration:
q Missing momentum
taken by gluons, qq pairs, ...
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To keep the discussion simple we consider only the nonsinglet case. Several
factors appear which we discuss one by one: first of all the transverse momentum
between the quark and the antiquark, PT , is taken up by the radiated constitu-
ents, this is taken into account by a 2-dimensional delta function:

pﬁ) (7a)

where the summation runs over the n radiated constituents which we consider to
be gluons for the moment; secondly the energy fraction x of the quark is given
by the product of energy fractions after each radiation:

n
&(x - 1 Ii) H (7b)
i=1
thirdly, for each gluon radiation, the leading Togarithm squared term of the

cross-section is given in the Weizsdacker-Williams approximation by:

2 2
aglpyy) g4 1+x

T—% bpZo (7c)
2 3 Xy Pry

where as(p§i) is the running coupling constant whose argument is fixed by the
scale at which the radiation occurs.

Grouping all these factors together we obtain:

© d?Prdr 0 i=1 Q2 p2. am 39 "1k
) n n
8 (PT - 151 PT1) &(x - 1131 xi) (7d)

The crucial difference with quantum electrodynamics lies in the appearance of the
running coupling constant. The cut-off on the integral is given by Qg . The
dependence on this value will disappear once virtual corrections are taken into
account.

At this point there are two ways of proceeding: the first one, followed by
Dokshitzer, D'Yakonov and Troyan4) and by E11is and Stirlings) among others,
picks up at each step the dominant region of integration; the second way, pro-
posed by Parisi and Petronzios) treats the P integration in an exact manner.
I will follow this last method, a conparison between the two ways can be found
in a recent paper of Rakow and Nebber7)
terms are concerned.

: the two methods agree as far as leading

Equation (7d) is not in a form where the summation can be performed easily.



This is because the &-functions couple all the different terms in the product. To
get rid of the energy fraction &-function we consider energy-weighted cross-sec-
tions and integrate over x . To get rid of the transverse momentum conserving
6-function we go over to b-space:

n
) 1b-PT - 11§1 b'pTi
fd%b e b (8)

(2m)?

This decouples the integrations and will make the summation in (7d) easy. We now
have:

1 } dx " i
9, dzPT dx

d2b ib'PT{ 1 C; ll'-][ (}2 dsz'I O.S(P-?1)

= —_—e —I- ———
(2m)2 N n=0 f=1 Q@ pi; 22
-p2 2

) P/t S 1+x? -ibep
so that, using
1 2n ipr cosf
> [ de e = Jo(b pT) (10)

0

and performing the integration over azimuthal angle, we obtain:

1
%’Idx & do
0 dP%- dx
- - 2 402 2
2 o' T S04 o
0 n=0 i=1 Q2 P3; 2n
_p2/02
S aen
3 6[ dx, n x Jo(bpﬁ) } (11)
- x.

5
The summation leads to the expression which has also been given by M. Grecog) and
G. Pancheri—Srivastavag) starting from the coherent state formalism:
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1
1 [dx P _do
o] dPZ dx
P 02 d 2 a. (pZ)

=3 [ bdb 3 (bP;) exp { J i e

) Qg p.f. 2n

. 1-p3/Q? Ly

3 Oj dx x’“l‘% J, (bpy) } (12)

This expression is well-behaved when PT -0 .

We can now return to our starting point: even though the emission of a single
gluon diverges when the transverse momentum of the gluon goes to zero, as
exemplified by equations (1) and (7c), summation over all possible emissions
gives a finite result as shown in (12).

To make contact with phenomenology the expression (12) is convoluted with the
primordial quark fragmentation (for efe” annihilation) or distribution (for
lepton-hadron scattering) function. Let us consider the quark distribution
function since this is more relevant for the Drell-Yan process: Inside the hadron
the quark will carry a fraction E of the hadron's momentum and have transverse

momentum p" :
T
quark momentum

R

Hadron momentum
¢Pp

As a consequence of QCD this quark can start radiating gluons, this will bring it
in a different kinematical configuration: the quark will now carry a fraction

1b of the momentum of the parent quark and have transverse momentum p+ with
respect to it:

X
%_P Hadron momentum

The transverse momentum with respect to the hadron is therefore approximately
given by:
Py = p+ + x p; . (13)



The convolution therefcre reads:

1
a(x,0%.py) = ({dxp Ode Ja%py Jd%py &(x-Fx)) & (py-py-x py)
1 do n

It turns out that the moments in x of the b-transform of this expression are
particularly well suited for theoretical consideration. Define:

1'b-pT

1
q(b,m,Q?) = é’dx A1 fe q(x,QZ,pT) dsz (15)

then it is straightforward to show that this quantity satisfies an evolution

equation. For the nonsinglet part of the structure function it readslo):

N
0* g5z @' (b.m,07)
a (Q?) 1
s m-1 —, NS 2
= o g dx x pqq(r) JO(bQ VI=x) 4 (bx,m,Q?) (16)
Equation (16) is strikingly similar to the standard Altarelli-Parisi evolution
equationll):
2) 1
2 0 NS 2y _ aS(Q m-1 NS 2
Q 5@7'q (mQ?) = “on é dx x qu(r) q (m,Q*) . (17)
In the table we 1ist some of the correspondences:
Structure functions
x-dependence pT—spectrum
x-dependence cannot be calculated pT-spectrum cannot be calculated in
in perturbative QCD perturbative QCD
evolution with Q% of the evolution with Q> of the moments
moments can be calculated in b-space can be calculated
evolution is determined by evolution is determined7) by radia-
constituents having virtuality tion having A? << p% << Q?
(in the ladder) p? >> A?

Let us now apply these considerations to the case of lepton-pair production in
hadronic collisions. The naive Drell-Yan formula reads:
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do(H; + H, » eTe” + )
Q% 42
4Ly a2 dx

p

) 2 2 2y = 2
= 21: 907 € Jd P11 d P2 dx; dx, qi(rla Pr1s 0%) q.i(Ih P12 Q?)
02
62(QT - Dy - pTZ) &(x1xs - ) &(xp - 11+ x2) (18)
The transverse momentum conserving &-function can again be written as:
ib-Q. - ibepy, - ib-p
1 T T1 T2
8%(Qr - Pry < Prp) = pmye [ A e (19)

For theoretical convenience we take moments in T . This gives us finally:

ﬁf(gf)n—l do(Hy + H, - ete + L) d(gj)
o s d(Q—)dZQ s
T
b-0; —1b-p
TLdz
Z 4 e? ‘(““)‘T Idzb e [J’dxl Il ,rd P quj(xlspTlaQZ)]
1 _ -ibep
oz Djaeore T2 (xappy002) (20)

In the brackets we see exactly the moments of structure functions in b-space as
defined in (15). This means that for the Drell-Yan process the evolution
equation (16) can be readily applied. To this end we rewrite the r.h.s. of (20),
using (10) and (15), as:

-2 € g b 3,0007) (s b, 0 Gy(n, B, 01 (21)

We now have an expression for the transverse momentum dependence which is finite
at QT =0 . The price to pay is that now we have to invert the moments before

a realistic comparison with experiment can be made ) A plot of expression13
(21) shows how QCD-effects broaden the QT-spectrum as the energy increases.

One case where a direct comparison with experiment is possible and has been
made is for the energy-weighted acollinearity distribution in e*e” annihilation.
Performing an analysis similar to the one described before one obtains here:

dofe’e  sa+b+...)
dxa dxb d(coseab)

Ql=

 [dx, [dx, x x
a.b a b "a b

- T el d(Qb) B I (F) [ 02 (n-2,0,0%) B2(n=2:b,0%) + (@ - @) 1 (22)
1

th

where D:(n,b,QZ) is the n~ moment of the quark fragmentation function in



b-space 1 .b'pT
1
02(m b, @2) =f dz 2" fdbe % 0(z pp. Q) . (23)
0

q

An additional factor of 1/z appears in the exponential because the kinematics
for the convolution is slightly different from the one described in (14) for
fragmentation functions. In the analysis of Baier und Fey14), D(z, pT, QZ) .
was parametrized to fit approximately the data atls) Q; = (9.4 GeV)? :

(1 ) 'ZPT/< PT >
a oy -2 e
§ D (x> pps Q5) = 3 2= <P . (24)

211—4—
The evolution equations than lead to the full curve drawn in the figure showing

the data at Q2 = (30 GeV)2 . Ignoring the Q2 evolution leads to the dashed
curve.
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This shows that taking into account multiple gluon radiation resolves the

1/0% behaviour of single gluon radiation and improves the phenomenological
description at higher energies.
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HADRONIC PRODUCTION OF J/& AND T AT LARGE TRANSVERSE MOMENTUM
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ABSTRACT

This is a brief report on a QCD-calculation of large transverse momentum
distributions for J/¢ and T produced in high energy pp-collisions. The pic-
ture is based on the subprocesses gg - 3S;9 and gq - *P.,q » 3S;vq . In con-
trast to the duality prescription, the coupling of the S- “and P-wave boundstates
is computed explicitly in the framework of the quarkonium model. The agreement
with the main features of the available data is satisfactory.
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Most of the discussion of the present workshop is concerned with the lepton
pair continuum préduced in high energy hadronic collisions. In this talk I would
like to focus on the heavy resonances observed above this smooth background. The
most prominent of them are the 3S, groundstates of the charmonium and bottomo-
nium system, namely the J/¢ and the T , respectively. Whereas the Drell-Yan
process has been established as the production mechanism for the continuum, one
has not yet fully explained how the resonances are produced. It seems, however,
evident from the observed rates that they originate in strong interaction pro-
cesses. Further, in the generally accepted parton picture, it is certainly
reasonable to assume that the heavy quark constituents of the boundstates are
created by the 1ight constituents of the colliding hadrons rather than out of the
small sea of heavy flavors. The crucial point is, then, the formation of a par-
ticular boundstate out of the free heavy quark pair. Here differ the existing
models. Without going into details I would like to recall two proposals.

One class of mode]sl) is based on the assumption of semi-local duality which
relates the free quark production, e.g. via the subprocesses qg -» QQ and
gg -» QQ , to the proguction of [QQ)-boundstates as follows:
aM

o(ab » [QQ1) = F I4m% dQ? o(ab -» QQ) . Here, one integrates over the invariant

QQ-mass squared with the upper limit determined by the mass M, of the lightest
meson carrying the heavy flavor Q . Spin and color singlet nature of the bound-
states do not enter explicitly. For illustration, qq - QQ via one gluon would
need another one to carry away color such that the QQ pair could form a color
singlet. Similarly, in qg - QQ at least one more gluon must be involved if the
QQ pair should bind to a 3S, state since this state does not couple to two
vector particles. A1l these effects are hidden in the duality factor F which is
supposed to give the fraction of the averaged cross section due to the production
a particular resonance. In practice, F is a free parameter, and, hence, these
models cannot predict absolute rates. Otherwise, they provide a reasonable
descriptionl) of the main experimentally observed features. In this picture,
targe transverse momenta originate in higher order QCD processesz) like qq-0Qg ,
gq - QQq and gg » QQg . Assuming that the duality factor is the same for all
three subprocesses, the dominant mechanism in pp-collisions is the gg-subprocess
as expected from what one knows about the quark and gluon structure functions.
The slopes of the pT—distributions turn out to be roughly consistent with the
J/y-data at /s = 63 GeV and the T-data at /s = 27.4 GeV .

Another approach3'7) is to evaluate the coupling of the boundstates to gluons
in the framework of the quarkonium model. In a nonrelativistic approximation, the
coupling of S-waves is proportional to their wavefunctions at the origin, whereas
the P-waves couple proportional to the derivative of the appropriate wavefunc-
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tions. Spin and color projections are considered explicitly. This allows to pre-
dict absolute normalizations in terms of resonance parameters. Further, the
relative size of the contributions from the various subprocesses to a particular
resonance is very different from their proportion in the duality model. Processes
eva]uated3-5) by this method include qq - 35, and qgq - !S, or 3P‘J via three
and two intermediate gluons, respectively, and gg - 3P, , . The P-waves also
contribute to the production of 3S; states via their radiative decays 3Pd-»381Y.
In pp-collision, one finds7) that only the two gluon process is strong enough
to produce rates of the observed magnitude. Further, because of the small mass
differences of about 400 MeV between the 3S; and 3PJ states of the charmo-
nium and bottomonium system, all the above processes populate exclusively the
small P region. The sources for large transverse momenta5_7) are of next order
in og , namely gg - 3519, gg - 3Pdg , g9 - 3qu and qq - 3PJg . Despite
the prize one has to pay for the decay of the P-waves into S-waves, the latter
cascade processes can still play g role at large Pr since, typically,

p
do(gq - 3PJq) / do(gg - 5519) ~ ﬁ; for p% >> M2, Thus, for pp-scattering in

particular, the important subprocesses at large pr are expected to be
99 » 3S;9 and gq - 3PJq > 3S,vq . The reason is that the quark distribution is
harder than the gluon distribution and the antiquark content in a proton is small.

In a recent preprint7) R. Baier und myself have attempted a complete calcula-
tion of the pT-distributions (for all pT) and of the integrated rates for J/W
and T produced in pp-collisions at FNAL and ISR energies. We also present in
this paper a detailed comparison of our results with data from several experi-
ments. In the following I am reporting on the high Pr part only.

Let me first describe briefly the calculation. The cross section for the sub-
process gg - 3S;9 (Fig. la) can be obtained directly from the amplitude for the
positronium decay into three photons by crossing and inserting the appropriate
color factors. The normalization is determined by the wavefunction at the origin
squared, Rg(O) , or, equivalently, by the leptonic width r(3S, - e+e') = 4.8 keV
for the J/y and 1.3 keV for the T . The cross sections for gq - 3qu and
J=0,1and 2 (Fig. 1b) have been derived from general off-shell amplitudes
for 3PJ - gg (see ref. 7). These contributions are proportional to the deriva-
tive of the P-wavefunctions squared, Rﬁz(o) , which can be parametrized by
rr(3s, - e+e') with r = 4R§2(0) / M Rg(O) . Numerically, we use r = 0.074
for J/v and 0.013 for T , following an ana1ys1‘s8 of quarkonium models. To
convert the cross sections for the subprocesses into pp-cross sections one has
to fold in the appropriate gluon and quark structure functions. We adopt a para-
metrization7) which includes scale breaking and which is consistent with the
observations in deep inelastic processes. There is a slight ambiguity which scale
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one should use to control scale breaking.
Possible choices are the momenEum trans-
fer in the given subprocess, t , or p%
or p% + M2 | etc. We take the transverse
mass squared, p% + M2 | To exhibit the
effects of scale breaking we also compute
the spectra in the scaling limit with
xG(x) = 3(1 - x)% , xQ(x) =
(2.773 +4.094x) vx(1-x)*+1.26(1 - x)”

and fixed ag ~ 0.4 for J/¢ and

~ 0.25 for T . Decay distributions for
3P‘J - 3S;v , finally, convert the 3P‘J
yields into corresponding 3S, spectra
as sketched in Fig. 1b. For the rele-
vant masses and branching ratios of the

Fig. 1 : Typical diagrams which contri-
bute to (a) gg - 3slg and charmonium system we use existing
(b) 99~ *Po,1,29 > “Sava . experimental results. For the bottomo-
nium system, on the other hand, one must rely on the quarkonium mode]e) which
gives MP ~ 9.9 GeV and B(3PJ > TY) ~4% for J =0, ~29% for J =1, and
~10% for J =2 . These branching ratios are not very different from the
corresponding charmonium values. Further, one may try to include nonperturbative
effects due to primordial transverse momenta by a simple convolution with a
gaussian distribution. For its width we take o ~ 0.48 GeV which is also used in

the Drell-Yan analysis.

A parameter which deserves a special comment is the QCD scale A in the runn-
ing coupling constant o - The processes under consideration are of third order
in g and, therefore, their absolute magnitude depends rather sensitively on
A . A priori, there exists no preferable value for A as long as the higher order
corrections are not known. One could adopt the attitude that one should use the
same value as in the description of the hadronic decay of J/¢ in terms of
J/b = 39 , namely A ~ 100 MeV or, equivalently, 05(3.1 GeV) ~ 0.2 . However,
here we are dealing with hard scattering processes for which the effective A
does not need to be the same as for decay processes, at least in leading order.
The experimentally observed J/U yields, in fact, require A ~ 500 MeV , a value
familiar from other hard scattering processes. In that case, 05(3.1 GeV) ~ 0.4 .
Clearly, the T production is more asymptotic since M% ~ 100 GeV? and, hence,
less affected by this uncertainty.

Fig. 2 and 3 show the resulting pT-distributions for J/¢ and T together
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The invariant cross sections for pp » J/U X at y =0 as a function
of pr at Vs = 30,53 and 63 GeV . The solid (dashed) curves show the
total yields for scaling (scale breaking) structure functions. The
dotted curve represents the contribution in the scaling Timit from

g9 » 3S1g alone. The data points are reproduced from ref. 9.
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Y(¥s=27GeV)x 10°

Y (Vs=63GeV)

pT(GeV)

Fig. 3 : The invariant cross sections for pp-+> T X at y =0 as a function of
pr at s = 27.4 and 63 GeV . The curves are as described in Fig. 2.
Tﬁe data points are taken from ref. 10) (t) and ref. 9) (+).

with data taken from ref. 9) and 10). The slopes of the invariant spectra

BE §ﬁ$|y=0 at large pr are consistent with the experiments in all cases. The
absolute normalizations are in fair agreement with the J/u datag) at the three
ISR energies vs = 30,53 and 63 GeV . The predicted rate is also not much off for
the T productionlo) at /5 = 27.4 GeV , whereas at /s = 63 GeV it is lower
than the observed oneg) by a factor 2 to 3 at large Pr - This discrepancy, how-
ever, is small compared to the overall difference of two orders of magnitude
between the J/¢U and T rates at Py~ 4 GeV and Vs =63 GeV . In addition,
the T-data reproduced in Fig. 3 contain contributions from T' and T" which
have not been included in the theoretical spectra. Thus, the model provides a
satisfactory description of the s-dependence of the resonance production at large
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Pr and its dependence on the resonance mass at a given c.m. energy.

Further, it is clear from Fig. 2 and 3 that the distributions calculated in
the scaling 1imit are favored by the data over the ones which include scale
breaking. This could mean, in turn, that the gluon distributions are still rather
hard at large Q2 . The slopes alone do not discriminate between scaling and scale
breaking structure functions. The role of the J/U and T production via inter-
mediate P-waves can be inferred from the dotted curves in Fig. 2 and 3 which
represent the contribution in the scaling 1imit from the direct process
gg -» 3S,g alone. Generally, the P-wave production becomes more and more important
with increasing Py for reasons mentioned in the beginning. For the J/¢ , this
component contributes more than 50% to the total rates already for
pp ~ 4 to 5 GeV . For the T , on the other hand, it is still suppressed in this
Py range due to the large T-mass as well as due to the small value for r ,
rT/Yw ~ 0.2 . Consequently, the jet recoiling against the T at medium Py is
most of the time a gluon, whereas for the J/¢ it is half of the time a gluon,
half of the time a quark. This can be checked, for example, by studying the
positive to negative charge ratio of hadrons in the opposite side jet.

To conclude, we have achieved a detailed description of the high Pr produc-
tion of heavy resonances in pp-collisions in lowest order QCD. The agreement with
the available data is satisfactory. Clearly, there are uncertainties in the model
which are partly familiar from QCD calculations of other hard scattering pro-
cesses. More crucial, however, is the lack of knowledge of the higher order QCD
corrections. A more detailed discussion together with further predictions and
some subtleties concerning the comparison of our model with different experiments
can be found in our preprint7). Several other investigations are in progress.
Recently we learnt about a similar approachll) to the inelastic photoproduction
of J/0 and T based on the subprocess yg - 3S,g .

I am grateful to R. Baier with whom the work reported here was done, and to
C. Kourkoumelis, Z. Kunszt and D.M. Scott for discussions. In particular, I would
1ike to thank the organizers of the workshop for a very pleasant atmosphere,
indoors as well as outdoors.
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HADRON STRUCTURE FUNCTIONS

Frangois Martin
LAPP, Annecy-le-Vieux, France

ABSTRACT

The x dependence of hadron structure functions is investigated. If quarks
can exist in very low mass states (U (10 MeV) for d and u quarks) the
pion structure function is predicted to behave like (l-x) and not (1-x)?2
in a x-~region around 1. Relativistic and non-relativistic quark bound state

. . . . . . 2
pictures of hadrons are considered together with their relation with the Q
evolution of structure functions. Good agreement with data is in general
obtained.
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Hadron structure functions are measured chiefly in deep inelastic scattering
of leptons on nuclear matter (proton and neutron structure functions) (fig. la)
and in lepton pair production in hadron-hadron collisions (so-called Drell-Yan

mechanism; proton, neutron, pion, kaon structure functions) (fig. 1b). These

Fig. 1 a) Deep inelastic lepton-nucleon scattering, b) Muon pair production in
pion-nucleon collision.

functions, F(x,Q2), depend on x, the fraction of the hadron longitudinal
momentum (light cone variable) carried by the struck or annihilating quark (or
antiquark) and on Q2?, which characterizes the scale at which the hadron struc-
ture is probed. Perturbative QCD tells something about the Q2 dependence of
those structure functions for large emough Q2(Q? > 1 GeV2). The purpose of this
talk is to try to tell something about the x dependence of those structure

functions.

Experimental results on nucleon structure functionsl) lead to
x[us(x) + ds(x)] v 3.4vx(1-x)3  for Q2 v 20 Gev2, where UE and dE are
respectively the u and d valence quark distributions inside a proton. For
2),3) xG"_(x) = xd"_(x) "~
v v

v 0.6Vx(1-x), also for Q2 ~ 20 GeV2. 1In the case of the pion structure func-

pion structure functions, experimental results are

tions, many theorists have found that Gz_(x) = dz_(x) ~ A(1-x)2 when x goes
to 1,  a prediction which appears to be in contradiction with experimental
measurements. Let us discuss the theoretical arguments and how we can explain
the disagreement with experiment.

4)’5)’6). The 7~ structure

First, there is a perturbative QCD argument
functions are measured via u+u- production in 7 N collision. Let k be the
4-momentum of the T quark inside the m~, which annihilates the u quark of
the nucleon, and m the mass of the recoiling constituents of the pion. From

kinematics, we get
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xm? + k%
k2 = xm2 - ————=—
m 1 - x
where kT is the U transverse momentum, with respect to the pion momentum.

When x goes to 1

k2 v -

m? + k2 2
i S a

1 -x 1 -x

implying that k2 gets large and negative. If k2 gets large the dominant

contribution to the Drell-Yan mechanism comes from the diagram of fig. 2, where

m?

Fig. 2 One gluon exchange contribution to the pion structure function.

m is the recoiling quark mass. The dominant part of this diagram corresponds to
the virtualnesses 22 and (P-2)2 remaining small (of order 0.1 GeV2). In

this case, the virtualness of the exchanged gluon is of order k2 : k'Z.¢ (1-£)k2,
where £ 1is the light cone variable relative to 2. For a pion, the most pro-
bable value of & 1is 1/2. Since the virtualness of the exchanged gluon is large,
the diagram of fig. 2 is a short distance process and the quark-gluon coupling is
as(k'z). The computation of this diagram leads to ﬁ"_(x)/b'A(l-x)z, when x
goes to 1. For the nucleon, similar diagrams lead to uP(x) and dP(x) beha-
ving like (1-x)3, when x goes to 14)’7). One problem with these results has
to do with the recoiling quark mass m 8). What is this mass? In the case of

the pion, if it is the constituent mass (v 340 MeV), (1) reads as

k2 < - 0.1 GeV2/(l-x). 1In order to be able to apply perturbative QCD one needs
k'2 <=1 GeV2=» k? ¢ - 2 GeV2 = x > 0.95. Therefore, in this case, one can
justify the (1-x)2 behaviour only in the region 0.95 < x < 1. Moreover, a
quark has also a current mass, which is very small for d and u quarks

(v 8 MeV for d quark), implying that in a pion some quark state with very low
mass can recoil. If m is of order 8 MeV, the x interval where perturbative
QCD can be applied (giving the (1-x)2 behaviour) becomes very very small

(x > 0.99...). In the limit m = 0, the (1-x)2 behaviour never shows up

because k2 1is never necessarily large and negative. In this case, the non-
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perturbative contribution of the pion bound state wave function, corresponding to
small values of k2; always dominates over the large k2 perturbative QCD con-

8),9),10)

tributions of diagram of fig. 2, this even near x = 1 In fact, when

m = 0, and for a large class of bound state wave functions, we find, when x

8),

goes to 1, the following behaviours which depend only on kinematical constraints ’:

3" () = " @) Al-%)

up(x) and dp(x)A/ Bu,d(l_x)3

More generally, for a target with n quark constituents we find

lim qv(x) ag(l—x)zn_3

x~1
which directly reflects the number of constituents rather than the related ex-

changes of large k'2 gluons.

There exist non-perturbative calculations of the pion structure functions,
based on the solution of a Bethe-Salpeter equation for a quark—antiquark bound
state with massless gluon exchangell). The kernel of this equation corresponds
in fact to the diagram of fig. 2. The result of such calculations exhibits also

the (1-x)2 behaviour:

i - dg_(x) W Ax2(1-x)2 for 0 £ x < 1 . 15}

This result is obtained in the framework of conventional quantum field theory,
i.e. using 1/(¥ - mq) quark propagator, with " > mw/2, and g"V/k'2 gluon
propagator. Those propagators are not in agreement with confinement because they
lead to free quarks of mass m_ and free massless gluons. Therefore one can
have some doubts on result (2).

We propose a quark propagator which is in agreement with quark confinement
and gives a meaning to the small current mass of d and u quarksg)’g). Our
proposed quark propagator is a cut starting at m s possibly related to the
current quark mass, and does not have the perturbative QCD pole. However, although
there is no pole on the real axis, the propagator spectral function is peaked at
a mass m, possibly related to the constituent quark mass, with a width y2 of
the order of the strong interaction scale A2. Explicitly, if in a physical gauge

(like an axial gauge), we write the quark propagator as

P(k) = M(k?) ¥ + M(x?2), 3)
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we can choose the absorptive part of T(k2) as

771 y2 g(k2 - m2)
Abs M(k?) & ——— O )
(K2 - m2)2 + y*
with y2 = vYAZ). For d and u quarks, m and m will be respectively of
order 10 and 336 MeV, whereas for s quark they will be of order 150 and
540 MeV. Moreover, we can choose the large k? behaviour of our propagator to
be given by perturbative QCD. Since it does not possess a real pole, this propa-
gator is in agreement with confinement. Using this quark propagator spectral
function, together with some realistic bound state wave functions, we find the
following results for hadron structure functions: assuming m = 0 for d and
u _quarks (mo = ﬁ?lo MeV) changes the result only for 0.99 < x < 1), we find
ﬁ: (x) and d: (x) roughly proportional to (I-x) for 0.45 < x < 1. On the
other hand, using m = 150 MeV for s quark, we find that Gs (x) 1is roughly
a decreasing linear function of x for 0.4 < x < 0.85 and behaves like (1-x)2 for
0.85 < x < 1, For the nucleon, we find that uE(x) and ds(x) behaves like
(1-x)3 when x goes to 1. Therefore, the pion structure functions that we
obtain are in much better agreement with experiment than the ones obtained assu-
ming a finite quark mass (of order 300 MeV for d and u quarks).

2)

It is possible to apply a Drell—Yan—West1 relation to connect the x near
1 behaviour of the pion structure functions with the resonance channels appearing
13

). y@2)m -+ IV WY VO

(the elastic channel v(Q2)m » 7 contributes only to the longitudinal structure

in deep inelastic scattering of charged lepton on pion

functions, not to the transverse ones). As a result, the (l-x) behaviour of
. . . . 2 .
the transverse pion structure functions implies a 1/[Q2]3/ behaviour for the
MV T OZY (2
Uv‘tdq E'Yr EDFWD @
where q and r are respectively the photon and p momenta and € and €

[
. . . . + -
the photon and p polarization vectors). This behaviour leads to a e e - mp

FZD(QZ) form factor (the v(Q2)mp coupling is defined as e

. . + -, .
cross-section decreasing as 1/s3 at large s (e e invariant mass Vs > 1-2 GeV).

The quark propagator (3), (4) has a complex pole in the second sheet of the
k2 plane. Can we say something about the related singularities of the quark-
antiquark bound state wave function? In conventional quantum field theory, if
the quark-antiquark interaction takes place via exchanges of massless gluons, the
bound state wave function has the same kind of singularity as the quark propagator.
This may also be true in QCD if we assume that the gluon propagator has a cut
starting at k'2 = 0. In this case, the bound state wave function possesses also
the complex pole of the quark propagator. Moreover, up to an overall phase, the
bound state wave function should be real. This is a consequence of unitarity,

connected to the fact that, even if the quark and antiquark propagators have cuts
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starting at mg = ET((IO MeV)2), the pion propagator should possess only a pole
at mi = 0.02 GeY? and a cut starting at 9m§. Therefore, a mechanism must exist,
which in the case of color singlet bound states makes the wave function real (this
is also related to the stability of the pion in the framework of QCD). This
reality can be obtained if we assume, for example, that the bound state wave
function possesses also the pole which is complex conjugate of the one of the
quark propagator. In this case, an approximation of the quark-antiquark bound
state wave function would be

Y(Kk2) v .
&2 - m2)2 + 4"
Assuming that this kind of wave function is also valid for a heavy quark-antiquark
bound state (e.g. J/i) and making a non-relativistic approximation, we deduce

the following quark-antiquark potentialla)

V(r) ~ B cot Ar ,

where A 1is of the order of the strong interaction scale (v 200 MeV). This
potential behaves as 1/r when r goes to zero, in good agreement with pertur-
bative QCD. It is a confining potential which blows up at r = n/A " 4 fermi.
This last point should not be taken too seriously since we believe that our poten-
tial is meaningless for r > 3.5 fermi, a distance at which the p*D”  threshold
will occur. It is not surprising that we do not get a linear potential at large
r, as in the case of the gluonic string, because first our quarks and antiquarks
are not standard particles, second we have not used precise information on the
gluon propagator (we use the fact that it has a cut starting at k'Z2 = 0, but

not the fact that it may behave as 1/k'* in this region).

Going back to our results on pion, kaon and nucleon bound state structure
functions, we can ask the following questiom: at which scale, i.e. at which Q2,
should we compare them with experiment? In particular, so far, our analysis does

not include gluon radiation type diagrams (fig. 3) which makes the hadron struc-

d

ci

Q2

u

Fig. 3 Gluon radiation contribution to Drell-Yan mechanism.



ture functions vary with Q2. Some people would say that the bound state struc-
ture functions correspond to the experimental ones at the scale for which pertur-
bative QCD starts to be valid, i.e. for Q% n 2-4 GeV2., If so, we predict a pion
structure function behaving like (1-x) in a x-region near 1, for Q2 ~ 3 GeV2.
In addition, if we include diagrams like the one of fig. 3, in a leading log
approximation, the predicted pion structure function behaves like (1-x)!'3 for
Q? ~ 20 GeV?, not in such a good agreement with experiment [(l—x)]. But it is
possible that, because of non leading log terms of perturbative QCD, the (1-x)
behaviour does not change in a sensible way when Q2 goes from 3 GeV? to 20 Gev2,
More dramatic is the fact that in our bound state structure functions almost 1007

of the hadron momentum is carried by quarks and antiquarks and none is carried by
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gluons. This is in contradiction with the experimental result that for Q2 ~ 3 GeV?,

almost 507 of the hadron momentum is carried by gluons. One way out of this
difficulty is to introduce gluons by hand, assuming that for Q2 ~ 3 GeV2 the
probability of observing a hadron as a pure bound state of its valence quarks and
antiquarks, without gluons and sea quark-antiquark pairs, is much less than 1

(in ref. 10 this probability is estimated to be of order 0.2 to 0.25 1in the case
of the pion). But in order to have agreement with experiment we have also to
assume that the contributions of the states containing gluons and sea pairs, in
addition to valence quarks and antiquarks, do not modify in a sensible way the
(l—x)p behaviour corresponding to pure valence quark and antiquark state (p = 1
for pion, p =3 for nucleon). Another way of solving the difficulty of gluons,
which may be equivalent to the previous one, is to assume that in the leading
twist approximation the structure functions associated to pure valence quark and
antiquark bound states correspond to a very small momentum scale Qg(w 0.1 GeV2).
Then, via perturbative and non-perturbative QCD, they evolve with Q2, up to

Q%2 = 3 GeV2 or 20 GeV2. In this way we certainly generate gluons, but we have
also to assume (or to check) that in doing so the (1-x)?  behaviour corresponding
to the pure valence quark and antiquark bound state is not modified ( a property

which is not satisfied by perturbative QCD in its leading log approximation).

There is a way of taking account of the Q2 evolution of hadron structure
functions in the framework of perturbative QCD without knowing explicitly what
this evolution and the starting scale Qg are. It is to make a comparison

8, 15). In the leading twist approximation,

between different quark distributions
the quantum fluctuations relative to a constituent inside a hadron do not depend
on the spectator constituents. In particular, if we consider the moments of a
non-singlet quark distribution

(x,Q2)dx ,

M (0,02 = 1"
S o

I



in the leading twist approximation and to all orders of perturbative QCD the

ratio M (n,Qz)/Mq (n,Qé) does not depend on the hadron which is considered.
NS NS
Moreover, if the quark mass squared is negligible as compared to Qg and Q2,

this ratio does not depend on the flavour of the quark Iyg* But this ratio does
depend on the process which is probing the structure of the hadron (deep inelastic,
lepton pair production, ...). Therefore, one can write
- 2
, , Mu:; (n,Q7)
M_m—{(n =Mp(n YN VA 5
(0% = Mp(,0%) e ©)

u
v

a relation which is true for example for deep inelastic scattering. Taking

Mup(n,Qz) from experimentl) and the ratio Muﬂ‘(n,Qg)/Mup(n,Qg) from our rela-
v v v

tivistic bound state model, we predict Mﬁw"(n,QZ) for deep inelastic scattering.
v
Including the corrections necessary to go from deep inelastic scattering to lepton

pair ptoductionlﬁ)’s) we get the same quantity relative to lepton pair production

and then xﬁg (x,Q2) by an inverse Mellin transformation. Our resultsa) are

3)

shown on fig. 4 together with data of the CERN NA3 experiment™’ . Agreement

Fa-(x) =Fpe(x)
Q2 ~ 20 GeV?

1 : 1 1 | ] 1 L

0 0.5 X

Fig. 4 Comparison of data3) on F _(x) - F“+(x) and theoretical predictions
of our relativistic bound state model8). The solid and dashed curves
correspond respectively to spin and no spin correlation between the
quark and the antiquark inside the pion. Normalization is arbitrary.




between the two is good. Let us note that our analysis does not include possible
higher twist effects near x = 1. A relation identical to (5), in which we re-
place u" and uP
v v
pair production structure functions. Taking Mﬁn'(n,Qz) from experiment
v

. =K .
respectively by u, and ug » can be written for lepton

3)

and
the ratio MEK_(n,Qg)/MGw‘(n,Qg) from our relativistic bound state model we
v v

predict MEK_(n,QZ) and consequently xﬁs (x,Q2). The dashed curve of fig. 5 is
v

the prediction of our relativistic bound state modelg)

ﬁs_(x,Q2 =20 Gevz)/ﬁg (x,Q2 = 20 GeV2), The data points are from the CERN NA3

for the ratio

. 1 .
experiment 7). Agreement between the two is not bad. The dashed curve corres-

0.2 |- Q2 = 20 Gev? —

0 1 1 | L
0 02 04 06 08 IO

Fig. 5 The ratio of K /7 lepton pair production structure functions versus
x, for Q2 ~ 20 GeV2. Data points are from the CERN NA3 experiment!7).
The dashed and solid curves are respectively the predictions of our
relativistic and non-relativistic bound state models9),15),

ponds to the following values of the parameters: (mo,m) = (0,336 MeV) for d
and u quarks and = (150 MeV, 540 MeV) for s quark. Note that our result is
very sensitive to those parameters. So, most probably, an adjustement of the

parameters can give a better agreement with data. Note also that this curve has
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been obtained assuming no spin correlation between the struck quark and the
recoiling one. If our relativistic bound state model has something to do with
reality, comparison with experiment can give information on the quark (d,u,s,...)
propagators in the non-perturbative region. In particular, the kaon structure

functions can tell us about the s quark propagator.

In quite a different manner, it is possible to make a non-relativistic appro-
ximation to compute qv(x,Qi). In such an approximation, hadrons are considered
as non-relativistic bound states of two or three patticlesls)’la)’lg). The dis-
tributions qv(x,Qg) obtained are peaked at X, = u/(m+y) with a width of order
I/RM. u, m and M are respectively the masses of the struck quark or antiquark,
the recoiling constituents and the hadron; R2 1is the mass square radius of the
hadron. For nucleon, pion and kaon, L equals respectively 0.33, 0.5 and 0.38
(this last figure corresponds to the Ev distribution inside K when using
bo=m = 336 MeV and m = m = 540 MeV) and 1/RM equals respectively 0.26,
2.4 and 0.80. The resulting distributions qv(x,Qé) are quite different from
those experimentally measured at Q2 ~ 20 GeV2 (fig. 6). This means that a large
amount of perturbative QCD corrections are needed to obtain qv(x,Q2 = 20 GeV?),
This is a feasible possibility which in fact is realized when using the leading

15)’18). The shapes of the

log approximation for the perturbative QCD corrections

L Nucleon

s ! | " i | L {
Q 02 04 06 08 10

Fig. 6 The three non-relativistic bound state distributions uv(x,Qg) as
functions of x, for nucleon, w* and K*.



distributions qv(x,Qg) are quite different from the experimental ones, but there
are two main features which are not modified by the perturbative QCD corrections

and are in fact experimentally observed: i) the nucleon distribution is much more
peaked and concentrated at small x than the pion one, 1ii) the kaon distribution

drops faster than the pion one at large x. Using formula (5) in the same way as

5)

we did in the case of our relativistic bound state model, we predictl the lepton

pair production structure function xﬂc (x,Q2) in the framework of this non-

relativistic bound state model (fig. 7). Agreement with CERN NA3 dataB) is good.

Fig. 7 Comparison between predictions of our non-relativistic bound state modells)
on xﬁg (x,Q2 = 20 GeV2) as a function of x, and data of CERN NA3 expe-
riment 3) on F_-(x). Normalization of data is arbitrary. The solid
curve corresponds to lepton pair production (LPP) and is the relevant one
for comparison with data; the dashed curve corresponds to deep inelastic
scattering (DIS). Note that data include some sea contributions at small
x (x < 0.3).

- . coe e . . 15
Similarly, this non-relativistic bound state model predicts a ratio )

ﬁ§ (x,Q2 = 20 GeVZ)/G‘T;—(x,Q2 = 20 GeV2), shown as the solid curve on fig. 5.

Agreement with data is also quite good.
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Even if agreement with experimental data is good, some criticisms of the non-
relativistic approximation have to be made. The main one is that it is difficult
to consider pion and kaon as non-relativistic bound states. The second criticism
is that we do not get an agreement between the non-relativistic bound state
picture and the relativistic one. The solution of this contradiction may be the
following: the relativistic bound state picture could correspond to the experi-
mental situation at a scale Q2 ~ 2-4 GeV2 (note that in this case, we have to
add gluons and sea quark-antiquark pairs by hand). On the other hand, the non-
relativistic bound state picture could be associated to a very small scale
(Qg n 0.1 GeV2). At this scale, a large amount of unknown perturbative and non-
perturbative QCD corrections (1/Q? terms) makes the comparison of the non-
relativistic structure functions with experiment meaningless. However, if we let
those structure functions evolve with Q2 via perturbative QCD (mainly leading
log terms) the 1/Q? terms disappear at a scale Q2 > 2-4 GeV2. At this last
scale, the quark structure of hadrons shows up and comparison between the model
and experiment becomes meaningful. At Qg the model assumes that there are no
glue or sea quark-~antiquark pairs. At @ > 2-4 GeV2 it gives the right amount
of gluons and sea pairszo)’lg). This last point is in fact the only justification

for considering this model, because it is difficult to understand how we can control

perturbative QCD (and moreover the leading log approximation) for Q2 <1 GeV2,

Conclusions are, first of all, that if quarks can exist in very low mass
states ({(10 MeV) for d and u) there is no reason to obtain a (1-x)2 beha-
viour for the pion structure function in a x-region around 1. In fact, in the
framework of our relativistic bound state model, we get a (1-x) behaviour which
is in agreement with what is experimentally observed. However, our relativistic
bound state picture remains to be included in a model taking account of the Q2
evolution of structure functions. In particular, the 507 of gluons observed at
Q2 v 2-4 GeV2 is not understood. This last point can be understood in a non-
relativistic bound state picture used together with a perturbative QCD Q2 evo-
lution of structure functions (mainly leading log approximation). But this model
needs justification, both for the use of a non-relativistic bound state approxi-
mation and of perturbative QCD for Q% < 1 GeV2, Agreement between the relati-
vistic and non-relativistic bound state pictures is also needed. Both pictures
are in general in good agreement with experimental data, particularly the naive
K

non-relativistic prediction on G

I acknowledge useful discussions with R. Blankenbecler, S. Brodsky,

A. De Rujula, J. Kaplan, P. Minkowski and R. Stora.
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Abstract: The two-photon exchange mechanism in p(ﬁ)—» 117X is
studied as a function of the dilepton mass M, transverse
momentum Qp and rapidity Y for 27 < J/S £ 800 GeV. It is
compared with pp - 1*17X data at ISR and with an "exponen-
tiated" QCD prediction for pp -»1%1~X at ISABELLE ener-
gies. The yy contribution is found to be important, if
not dominant, if at least two of the three_kinematical
conditicns are satisfied: /s very large, Mz/s <1, Qp
small. Importantclues for a future experimental isolation
of the two-photon mechanism are given.
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a % (log ____§____)2 log I% , (4)
0.15 Gev my
The vy formula is a crude approximation for T<«1, obtained1) in the
framework of the equivalent photon approximation. The logarithms in
Eq. (4) are responsible for a rather strong rise of the cross section
with increasing energy, which at very high energies tends to compen-
sate the relative O(az) suppression. Indeed the results of the ana-
lyses by Chen et al.z), Kessler et a1.1) and more recentlyof Moore3)
for M3d0YY/dM and M3d20YY/deY/Y=O show that for Jg very large,
J;.= 600 GeV, say, and t<€1 or Tt >0.25, say, the two-photon mecha-
nism becomes a serious competitor to the Drel l-Yan process.
ii) Next we turn to the QT distributions, which are in fact the main
issue in this paper. As we have found in an extensive recent investi-
gation4), the relative contribution from the yy mechanism is strongly
enhanced at small values of QT for any Vs and t. This may be seen
qualitatively as follows. For the yy contribution we expect a very
steep slope at small QT due to the combined effect of two photon and
one lepton propagator. On the other hand, the O(as) QCD predictions
for pp s1t17x - corrected for soft gluonradiation'U)allorderss)_1o)
("exponentiation") - lead us to expect a strong "radiation dam-
ping" at small QT resulting in a characteristically flat slope. Thus
even for values of s and T where the QT—integrated YY cross section
is small as compared to the Drell-Yan process, it might be the domi-
nant mechanism at small values of QT.

Therefore, questions of particular interest are:

1) is the two-photon contribution at small QT already important at
ISR energies and

2) is it going to swamp the typical signature of "exponentiated" QCD
at ISABELLE energies, say?

As a basis for a quantitative discussion let us present in the
following the main results from an exact caiculation4) of the triple
differential cross section

3
_“—szZY:Qz 03 — YL O (5)
T 11
over the large energy interval 27 ¢ {s € 800 GeV, covering FNAL, ISR,
pp collider and ISABELLE energies.
Let us finally mention that this whole analysis may be conside-

red as a warming up exercise for the subprocesses yg — g-jet + a—jet
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1. INTRODUCTION

Currently much activity is being devoted to a thorough study of
the two-photon exchange mechanism in ete™ annihilation. Recently,
both the purely electromagnetic subprocess Yy—4-1+l_ as well as the
subprocess yy — hadrons, including yy — g-jet + a—jet, have been
identified in e+e_ collisions for the first time.

With the advent of very high energy p( ) machines (p§ colliders,
ISABELLE) in the near future, two-photon physics will gain increa-
sing importance also in hadron collisions. In fact we shall see that
it starts to become important already at the ISR.

It is the aim of this contribution to point out that the two-
photon exchange mechanism

pp — YY X

_ (1N
L>l 1

o= X
P Y]

| —— !

.—.,—Yééx

p Fig. 1

constitutes an important, if not dominant contribution to pp-+l+l-X
in particular regions of phase space. More specifically, competition
to the Drell-Yan process happens (roughly speaking), if at least two
of the three kinematical conditions are satisfied

Js very large
<1 (or te 1) (2)
QT small.

Our notation is: J; is the cm-energy, M the mass of the lepton pair,
QT its transverse momentum, Y its rapidity and T = Mz/s.

Let us first discuss qualitatively, how this is possible even
though the yy contribution is an O(a4) process as compared to the
O(az) Drell-Yan process (a = e2/4n).

i) Consider first the cross section integrated over the dilepton

transverse momentum Qs M3 do/dM (or M3 dzcr/deY/Y ) at fixed T

=0
Drell- Yan-va f(t) modulo weak scaling violations (3)
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and Yy — g-jet + g-jet.

2. RESULTS

2.1 The dominant configuration

The two-photon cross section may be decomposed as
d‘-"(P(E—J)—-b YY X ) = do + do

1*1”

+ doinel—inel (6)

el-el el-inel
according to whether the two py vertices are both elastic, of mixed

configuration or both inelastic.
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Fig. 2: p(ﬁx—ayy _ X and its decomposition into contributions from

both Luy proton vertices being elastic, of mixed confi-
guration and inelastic.
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Fig. 2 shows the decomposition into the three different contribu-
tions for Y = O and fixed (smallish) values of QT and M as a functi-

on of ys. We see that do dominates only for very small values

el-el
of On £ 0.1 Gev, while the elastic-inelastic contribution 401 inel
dominates for QT > 0.5 - 1 Gev.

In any case we realize that one py vertex is always elastic.

Therefore, triggering on one elastic proton vertex hardly reduces
the Yy-—*l+l_ rate. This should help enormously with the experimen-
tal identification of the two-photon mechanism, since we expect a
strong reduction of any (a priori large) "background": The O(qs) QCD
subprocesses
99 —Y*g  and gg —>Y*q (7
Li*i- Laty-

are suppressed for colour and triality reasons; only "higher twist"
terms of the type as typically calculated in the constituent inter-
change (CIM) model survive the trigger (see Fig. 3).

Let us finally remark that this trigger applies equally well for
the relative enhancement of the subprocesses yg-— g-jet + a-jet or
YY = g-jet + g-jet.

p p

meson

Fig. 3

2.2 pp—yy X candidate events at the ISR
L whu”
Events of the type pp —»u+u_ + no hadrons have been measured at
the ISR ( Js = G%T?ev) and interpreted as candidates for the two-

photon mechanism the missing final state hadrons are lost in the

beam pipes; (c.f. Drell-Yan: pp — p'u™ + <12> charged hadrons).
Fig. 4 shows the data in comparison with our exact yy calculation;
notice that not only the shape but also the absolute normalization4)

is predicted. Given the fact that the data have not yet been



12)

corrected for QT resolution , the agreement is quite satisfactory.
pP—YYX
<l ‘Yl‘—YD'J,*p,-
10 — — —_ — T 3
E V5 = SZGeVE
[ 26 =M =6.85GeV |
i xe =02 ]
-2
10 - E
%; p
O~ 1
=
c H =3} / -
R E
CHE. ]
$ | -
¥ | -
o
10 E
[ Qg feev] — ’
3 L 1 1 1 L
100 1 2 3

Fig. 4: yy candidate events from the ISR11)’12) (histogram) and
theoretical prediction4) (full line) with decomposition into
contributions from both proton vertices being elastic
(dashed-dotted line) and from one being elastic and the
other one inelastic (dashed 1line).

2.3 pp— e+e_x at the ISR and the two-photon mechanism

Even though the ratio of the QT-integrated cross sections, YY/
data, amounts to a few percent only at ISR energies, the situation
is different for the ratio of differential cross sections do/in.
Fig. 5 shows ISR data13) at J§ = 63 GeV in two mass intervals in com-
parison with our calculation of the two-photon contribution. In the

mass interval 4€M<4.5 GeV we find the substantial ratio
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PP —>YY X 70% for QT=’ o,
ete” ~ (8)
pp—»e+e-x still 30% averaged over the first

bin OSQT$ 0.5 GeV

The effect is less important at higher masses M.

pp—e*€X
]0-] T T T T T T ‘ (‘\'_‘
}/? = 53+63GeV 3
—— J
—— 4
2 .
10 L=M=45GeV

L1l

: lllllll

2
9942 [nb/Gev?]

Ty

6=M=8.7 GeV

111l

Fig. 5: do/dQT2 (pp—>e+e_X); data from the ISR13); theoretical pre-
diction of the two-photon contribution?) (full line)

2.4 YY/QCD expectations at ISABELLE enhergies

At very high energies we compare our two-photon results with pre-
dictions from QCD for pp —1"17%. we expect the ratio yv/QCD to be
largest at small values of QT.

In the kinematical range A < QT.S M of smallish QT naive QCD per-
turbation theory breaks down due to the appearance of two large
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logarithms, log (MZ/QTZ) and log (MZ/AZ). However, as many authors
have recently argueda =10) the perturbative QCD predictions may re-
liably be extended into this regime of small QT’ if suitable resum-
mation techniques are applied. The recipe is to exponentiate the
full O(as) result, which amounts to summing both real and virtual
gluons to all orders in complete analogy to QED. For small QT the
resulting "quark form factor" causes a strong "radiation damping" of
the QT distribution due to the restricted phase space available for

gluon radiation.

. .-5
10° " 9 VAP0 0 EL B ™10
V5 = 800 GeV V5 =800GeV
M2= 120 GeV? M2=7500GeV’
167
a0t
3
(L]
3
S
o
= 16°
S~
>
b|
|38
=
AT
16
Q; [Gev]—
‘O'G | o

051 51

Fig. 6: pp —1"17x at {g = 800 GeV: the dashed line is the prediction
from "exponentiated" QCDG), the full line the prediction for
the two-photon contribution4)

In our quantitative comparison we take the "exponentiated" QCD
predictions of Parisi and Petronzio6) at the ISABELLE energy of /;

= 800 GeV and two masses M2 = 120 and 7500 GeV2 (i.e. M=11 and



87 GeV), properly normalized4) . The typical signature of "exponen-
tiated" QCD is the flattish slope of the QT distribution at small
QT
these "exponentiated" QCD predictions in Fig. 6. From this figure

. Our results for the two-photon contribution are compared with

we read off the following dramatic ratios

YY/QCD (pp —> e:e_ x), /s = 800 Gev
(wu )
[om M | 11 Gev | 87 Gev
0.3 GeVv 1 (0.7) 10 (6.4)
osQTS1 Gev | 0.77 (0.46) 3.8 (2.4)
all o 0.24 (0.17) 0.25 (0.19) Table 1

3. CONCLUSIONS

The two-photon mechanismpp— YY +X_ is an important contribu-
tion to pp—>l+l_X already at the ISRl l at small QT. This may affect
the determination of <Q§‘>QCD from data.

The two-photon mechanism is important or dominant at ISABELLE
energies in an interval OQQT,\<_1—2 GeV and sizeable for all QT. It
swamps the characteristic signature of "exponentiated" QCD (i.e. the
flat slope at small QT) .

Triggering on one elastic proton vertex may be helpful for a

future isolation of the two-photon mechnism.
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SIGNATURE FOR INTERMEDIATE VECTOR BOSON
PRODUCTION IN PROTON-ANTIPROTON COLLISIONS
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ABSTRACT 2
We study the differential cross sections __Ji__E_TZ s H%E and EF%EE?
d cos 6dp
T

for the reaction pp + B(*’l-1 %) + jet(p) + X, with B = 2, ut at Vs - 500
Gev and the same quantities for the pp case ( © is the scattering angle of
IZ with respect to the proton beam). The corresponding leptonic front-back
asymmetry A(coso , pT) for these first order QCD processes is then calculated
for the pp case. A(cos @ , p%) is found to be Py independent to a very good
approximation for pT(jet) >3 GeV/c, with a magnitude similar to that of the
zeroth order process. Since zeroth and first order total cross sections are
comparable in magnitude, the first order asymmetry should be an experimentally
testable quantity.



L. INTRODYCTION

In a few years, new accelerators like CERN's pp collider 1), the Isa-
belle machine Z), and perhaps forthcoming projects 1ike the LEP 3) will be oper-
able. It is expected that they at last will reveal Nature's comments to one of
the more ambitious theories, the SU(2) x U(l) unification of weak and electroma-
gnetic interactions ; namely, whether there are the predicted heavy intermediate
bosons which in the simplest version of the theory have masses of the order
90 GeV, or not. Numerous calculations have been done in this theory for the
hadronic production of neutral (Z°) and charged (w*) bosons, both for the
lTowest-order aq annihilation 4 (the Drell-Yan process) and the QCD-corrected
ones 5), where a 1arge-pT hadronic jet is observed together with a final lepton
pair from the intermediate boson ; in the latter one, "Compton scattering" types
of diagrams (qG - qZ0 and qG - aZO s for the neutral case) are also included.
There have also been calculations 6) for the case of hadronic jets from the
intermediate bosons, where intermediate boson signals were predicted to show up
clearly in spin-spin asymmetries. The observation of peaks in spin-spin asymme-
tries would give a non-trivial signal of the intermediate bosons. A bump in a
cross-section would not by itself establish the presence of them ; one is also
interested in typical weak interaction effects, which contribute to the asymmetry
in a direct way. This is also the case for another type of asymmetry, the front-
back (F-B) Tleptonic asymmetry in

p{) > Z2° (- 1+Jl_) + X
pp wt (+ ot (\)’) + X (1.1)

To zeroth order in QCD (no 1arge-pT hadronic jets) this was calculated some time
ago 7). As expected, the asymmetry for the purely weak process was found to be
much larger than that involving the z° ; the latter one is roughly proportional
to the Teptonic vector coupling constant Vg = (+ % - sinzew) which by recent
experimental results for sinz()w is implied to be a small quantity.

However, the first-order QCD-corrected cross-section for £ 2~ pro-
duction at the Z° peak (one associated 1arge-pT hadronic jet) is predicted to
be sizeable 5 , when compared to the lowest order result. Not considering this
contribution, as well as the corresponding one with a W, would amount to neglect
valuable information when F-B asymmetries are checked.

This talk is dedicated to the study of such first order F-B asymme-
tries. Denoting the angle in pp c.m.s. between a negative lepton and the p
beam by © , and the transverse jet momentum (= the transverse g o momentum)
by pys We calculate the cross-sections



1.2)
d%c (z) ; z = cos 0 (
dz dp%
and the asymmetries
2
A%,y o 2P0 (-z)
dz dpg dz de (1.3)
A(Z:P2)=
T
%0 (z) + Lo (-2)
dz dpj dz dpg

for the reactions (1.1). Note that for pp reactions there is necessarily a
z + -z symmetry in the cross-section (1.2) and therefore the asymmetry
vanishes. Besides this asymmetry we also calculated various distributions such
do do - .. . do .
as 7 and — for pp and pp collisions. The quantity = will be ob-
Pr 2 .
min

. . . d“ o :
tained by integrating — from a chosen lower bound p up to the maximal
dzdp T

value for the considered s value. With these results at hand one can calculate
the fully integrated cross-section with a cut in pr io (pT> 3 GeV/c). The
values obtained show that once again gluon corrections give very large effects
compared with Oth order or naive Drell-Yan calculations. From 39?- , we also

Pr

calculate the averaged transverse momentum < P> of the hadronic jet, and <p$>.

II. A PEDAGOGIC EXAMPLE

Before goint into the study of pp collisions it may be useful to
recall some known results 7) for the reaction

e e > 2° >y (2.1)

For obvious reasons, let us call Vz (A2 ) the vector (axial vector) coupling
of 2° to muons, and Vq (Aq) the coupling to electrons. The front-back

asymmetry of the 1y~ , defined by

do do
E(Z) E("Z)
A(z) = (2.2)
do(z) + dd¢z)
dz dz

is then simply given at the resonance ( /s = M,) by

2z

2.3)
1+ z? (

A(z) = E (s= M;)
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where
4 VIL AJL Vq Aq
E (s = M2) = (2.8)
(V2+ A2) (v2+ A2)
L % g9 q

In the Weinberg-Salam model (that we adopt throughout this paper), the function
E(s = M%) depends only on sinze w The various coupling constants of interest
are given by Vg = T- sinzo w’ Ay = %5 Vy=- % + % s1n29 W’ Ay =- % H

11 .2 _1 . e _ M2 .
Vd =g -3sine W’ Ad =7 Fig. 1 shows the variation of E(s = MZ) with
sin29 W for the purely leptonic reaction et e > u+ u-’ the quark reactions
ui > w7, dd> T 4 and the combination %(Zui +dd), oty . The last

reaction should provide a first, crude estimate of the u~ front-back asymmetry
in pp reactions. It turns out that this first estimate is pretty good in the
forward direction, z = +1. But the shape of A(z) 1in pp collisions is differ-
ent from that in e+e- annihilation, with Apﬁ(z) < p® eZz). Fig. 1 also
shows the sensitivity of the front-back asmietry to sinze W' In particular,

A

for the present value of sin? 0, = -23, APP(z) is positive.

ITI. THE NAIVE DRELL-YAN MODEL RESULTS

In this Section, we will briefly recall the results obtained in the
naive Drell-Yan model, where the only subprocess which is considered is the
annihilation q +q ~ ° - T (the W % case is treated in the same way.
We just have to change the weak coupling constants to leptons and quarks

cose,
(Voy, =h; =-—— ,V_ =A_ =V cos © V_ =A_ =V,5 sino)
To vy 2/2 C id  ud &9y €T i i ™M ¢
and the parton distributions). Quarks are supposed here to possess no primordial
transverse momentum so that the intermediate vector boson has no transverse

momentum. Explicit formulae for the differential cross section %§ and the

front-back asymmetry (see Eq. (2.2)) 1in terms of vector, axial vector coupling
constants and parton distributions can be found in the literature 7). We will

not repeat them here, but just give the numerical results for more up to date
sin2 ® value and parton distributions. A commonly used assumption that we will
adopt ?s the narrow width approximation : the main part of the cross section
comes from the vector boson being on the mass shell. For the parton distributions,
we used the parametrization of Baier et al. 8). Thus we ignore charm contribu-
tions ; although they may be important at very large QZ, they should not influ-

ence our VS = 540 GeV case very much. The distributions are evaluated at
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Fig.3 The differential cross section

g% for the reactions pp -+ Z°(+u+u_)

+ X, PP W-(+u—5u) + X and pp w'
(+u+vu) + X for sinZa, = .23, at
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Q2 = M% or Mﬁ . Weak and electromagnetic corrections to vector boson masses 9)

have been taken into account, through the relations
38.5 M .
Mom eyt ow o o sewe D
w smew ! z cos Ow

We have also incorporated QCD corrections to order ag to hadronic width of 2°
+
and W-

I (W- -Hadrons) = —EEE—— M3 (1 + " ) ) (3.2)
2 V2 ¥ n
I (2° -+Hadrons) = —ESE—— M3 (1 - 2sin?0 + EE_ sin%e ) (1 + GS(ME;
am vz ? w9 w I
assuming three quark doublets. Let us recall that
61
ag (M) = (3.3)

(33 - 2NL) £y M

where A = 0.47 GeV is taken from Ref. 8). Numerical results are shown on Figs.

2 to 5. We have chosen sinze e .23, /5 =540 GeV for pp collisions and

% = 600 GeV for pp collisions. Fig. 2 shows that the asymmetry will be rather
small for the reaction pp~ 2°(u™ W) + X, but large for the reaction

pp + W ( ~ W V) + X. Actually, for the W~ case, a simple helicity argument
with the massless valence quarks u and d leads to the favoured configuration
where the H~ is emitted in the forward direction. Fig. 3 shows the different
behaviour of %%? for the reactions pp ~> Z°(+ " uT) + X, pp > W (+y ;u )

+X and pp - w+(-* wt Vu) + X. We also give on Figs. 2 and 3 the value of the
corresponding total cross section o (not cut over z = cos"0). The sensitivity
of the ¥~ front-back asymmetry to sine w for the reaction > 2% J w)
+ X s displayed on Fig. 4. In the W case, the asymmetry is rather insensi-

tive to sin Ow (at least over the range considered in Fig. 4) ; we plot it on

Fig. 5 for sin2 Oy = .23. An experimentally more accessible quantity is the

integrated front-back asymmetry A :

1
./gz do _.[2292
o dz ; dz
1
/dZQE +/;zd_°
dz jp dz

o

361



Fig.4 The u~ front-back asymmetry for
the reaction PP + 2°(+w'u”) + X at /s

= 540 GeV plotted against z =cos 0 for
various values of sinzew : .21, .22, .23,
.24 and .25.
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20—

Fig.5 The 1 front-back asymmetry for
the reaction pp » W (u v ) + X at Vs
= 600 GeV, for sinZG)w = .23.
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The denominator is nothing but the total cross sectiono . Table 1 shows the
dependence of ¢ and A on sinze W at /5 = 540 GeV for pp reactions.

In Table 2 we give the dependence of o on % for pp reactions (sin2 0w=

.23). It should be clear that © is the total cross section for the leptonic

decay modes % > ut , W M Gu or w"» u+ vy . Thus pf: > ZO,

pp - W, etc. are shorthand notations for pp- Z°(> u+ n) + X, pp o

W (> n~ Gu ) + X, etc. ; the same notation is used on the figures too.

Table 1
y .21 .22 .23 .24 .25
Reaction
P ] 25.8 | 26.5 27.1 27.8 28.5
pp~ Z
Al% ] 14.0 | 10.2 6.6 3.1 0.0
_ o] 118.8 |125.1 | 131.3 | 137.4 | 143.5
pp> U
Azl 49.1 | 48.6 48.0 47.5 47.0
Table 2
/s [GeV) 400 600 800
Reaction
p o+ 2° 2.3 12.4 29.3
p o W 12.3 54.0 |118.6
pp o> W 24.1 96.0 |189.7

IV. FIRST ORDER QCD CORRECTIONS

As explained in the Introduction, it is also interesting to look at
the reactions

PP+ 2° (» uTuT) + Jet (pp) + X (4.1)
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pp + W (>4 V) o+ Jet (pg) + X (4.2)

whose cross sections are expected to be far from negligible compared to the
zeroth order one. As previously, we keep the Drell-Yan model but take as sub-
processes reactions implying the presence of gluons G : g +q Z°( N u+u.T
+6(pp) 3 a+6 > %> Wu)walpp) 3a+6 > %> W) +a(pp) o
primordial transverse momentum is given to the incoming partons of the subpro-
cesses, so that the Py of the intermediate vector boson is the same as that
of the jet formed by hadronization of the outgoing parton. We put all masses
but the vector boson mass to zero. As in Section III, radiative corrections to
vector boson masses and widths have been incorporated. Withoug going into the
technical details of the calculation, which can be found in the paper by J. Fin-
jord et al., let us present the results. We have calculated the twofold differ-
ential cross section & 5 for reactions (4.1), (4.2) and the analogous

dzdp%
reactions with pp as initial state. To avoid the problem of the infrared

divergence at Pr = 0 , we will impose the cut Pr > p?’" = 3 GeV/c. It turns

out that the front-back asymmetry A(z, p%) (see Eq.(1.3)) s Py independent
to a very good approximation, with a magnitude quite close to that of the zeroth
order process plotted on Figs. 4 and 5. Fig. 6 shows the angular distribution

g% of the wp- coming from the ° or W decay. Here we have integrated

2 2
d o _ . . s max _ S - M
HEHB;_ from Pr-= 3 GeV/c to the kinematical limit P = 2 Ve . The total

cross section o is also indicated on the figure. The asymmetry corresponding
to Fig. 6 is just as on Fig. 4 (for s1'n2@u = .23) and Fig. 5. Finally we have

on Fig. 7 gé? for the various pp reactions, together with the corresponding

total cross sections, at /s = 600 GeV. It is interesting to compare zeroth and
first order total cross sections. The ratio o (first order)/ o (zeroth order)
1ies around 0.70 for pp reactions at %5 = 540 GeV, and 0.74 for pp reac-

tions at ‘s = 600 GeV. From L we can also calculate Qj% by integrating
ddeT de

over z from -1 to +1. For Py > 2 or 3 GeV/c, we can nicely represent

the curves by

-b 4;

do » Be T
d

P (4.3)
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min

This parametrization allows to get an idea of the dependence of  on PT >

which is shown in Table 3. Finally we also give in this table <pp> and

<D$ > 1/2

which clearly depend on

Pr

min

sensitive to the reaction considered.

TABLE 3
\\\\\\‘\\\\f?ii\\\\ 2 3 4
pp +12° 25.1 19.3 15.2
Pp W 117.9 89.9 70.6
pp »2° 12.2 9.4 7.5
pp -+ W 51.3 39.2 30.8
pp +ut 90.7 69.6 54.8
<pT>[GeV/c:| 7.2 8.7 10.1
) 12
<pr> [GeV/c] 10.0 11.4 12.7

. We found that they are very little

/5 = 540 GeV

/s = 600 GeV



367

- REFERENCES -

1) CERN/SPSC/78-06, SPSC/92.

2) BNL report n° BNL 20161 (1975)

3) The LEP Study Group CERN/ISR - LEP/78-17.

4) R.W. Brown, K.0. Mikaelian and M.K. Gaillard, Nucl. Phys. B75 (1974), 112 ;

R.B. Palmer, E.A. Paschos, N.P. Samios and L.-L. Wang, Phys. Rev. D14 (1976),
118 ;

L.B. Okun and M.B. Voloshin, Nucl. Phys. B120 (1977), 459 ;

C

Quigg, Rev. Mod. Phys. 49 (1977), 297 ;

R.F. Peierls, T.L. Trueman and L.-L. Wang, Phys. Rev. 91§_(1977), 1397 ,

J
M

Finjord, Nucl. Phys. B131 (1977), 507 ;
Perrottet, Ann. of Phys. 115 (1978), 107 ;

F.E. Paige, T.L. Trueman and T.N. Tudron, Phys. Rev. D19 (1979), 935 ;
and with scaling violations in the structure functions :

I.
J.

e=F=EmM

6) G.
7) M
8) R.

Hinchliffe and C.H. Llewellyn-Smith, Phys. Lett. 66B (1977), 28l ;
Kogut and J. Shigemitsu, Nucl. Phys. B129 (1977), 461.

Halzen and D.M. Scott, Phys. Lett. 78B (1978), 318 ;

Chaichian, 0. Dumbrajs and M. Hayashi, Phys. Rev. D20 (1979), 2873 ;
Chaichian.and M. Hayashi, Phys. Lett. 81B (1979), 53 ;

Finjord, G. Girardi and P. Sorba, Phys. Lett. 89B (1979), 99.

Ranft and J. Ranft, Leipzig preprint KHO-HEP 79-11.
Perrottet, ref. (4).
Baier, J. Engels, B. Peterson, Z. Physik C2 (1979), 265.

9) W.J. Marciano, Phys. Rev. D20 (1979), 274 ;

M

Veltman, Phys. Lett. 91B (1980), 95.

10) D. Albert, W.J. Marciano, D. Wyler and Z. Parsa, Nucl. Phys. B166 (1980), 460.

Most of the material of this talk is based on a paper by J. FINJORD,
G. GIRARDI, M. PERROTTET and P. SORBA, "Leptonic front-back asymmetry in pp .

ZO(+

- . - (= . .
J'u) + jet + X and pp-~ Wt (~ 2% vy ) + jet + X", LAPP Preprint,

LAPP-TH-25 (1980), where technical details can be found.






369

LEPTON PAIR PRODUCTION IN HADRONIC COLLISIONS

Tung-Mow Yan
Newman Laboratory of Nuclear Studies
Cornell University, Ithaca, N.Y. 14853
U.S.A.

ABSTRACT

This is a summary talk at the 1981 Moriond Workshop on Lepton Pair
Production. We discuss the theoretical and experimental status of high mass
lepton pair production in hadronic collisions.
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I. INTRODUCTION

Before I begin my talk I would like to express our sincere thanks to our
hosts of the Workshop on behalf of all the participants. Professor Tran Thanh
Van, the Organizing Committee, and the secretaries have worked more than full
time to make the Workshop most enjoyable. It is particularly profitable for me
personally. I have learned so much physics in one week's time. From the talks
we have heard in the Workshop it is clear that lepton pair production has grown
in the last ten years to become a major field of research in high energy physics.

When I was asked to give the summary talk of the Workshop, I was hesitant to
accept the task since I have not worked on the subject for a long time. The
challenge becomes more apparent as the Workshop progressed: I am the most
ignorant person among all the participants. Perhaps I can turn my ignorance into
an advantage. As I am not able to absorb all the information presented, a
natural filtering mechanism has been working in my mind. What arouse my interest
most are: (i) progress made in theoretical issues which Drell and I could not
resolve ten years ago; (ii) experiments which have been done but we could only
dream of ten years ago; and (iii) surprises which were not foreseen ten years
ago. This talk will concentrate on these aspects.l) I will restrict myself to
general remarks. For specifics and technical details, please consult the talks
of various speakers in these Proceedings.

Lepton Pair Production began with the pioneering experimentzJ at BNL by
Lederman and his group. The results were shown in Fig. 1. A gold mine was
hidden in the curve as Ting and his groupn found out a few years later. Despite
the early misfortune, Lederman and his group have achieved remarkably during
these years. The culmination of their effort is best illustrated by the data{
in Fig. 2. This figure touches all important developments in particle physics
of last decade. Let me elaborate.

First of all, it contains two distinct types of information: the bumps and
the continuum. The constituents of the first bump J/Y have all the character-
istics required to support the GIM mechanismsl a crucial ingredient for the
success of the standard modelé)of electroweak interactions. The subsequent dis-
covery of the T particlesn opens up, once again, the generation problem--one of
the most important puzzles in particle physics. The two families of heavy
quarks, ¢ and b, provide also ideal systems to study the quark binding and
hadron spectroscopy. We now have a semiquantitative description of these heavy
Qa systems in terms of a nonrelativistic potential model, although a fundamental
understanding of quark confinement is still lacking. However, the production
mechanism of these narrow statzsg%n hadronic collisions is very complex, as we

s

have learned in this Workshop. This is in contrast to the lepton pairs in

the continuum where there is a universal agreement of how the pairs are produced.
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We will come back to the continuum later.

Another reason why I began my talk with the work of Lederman and his group
is because it inspired Drell and me to think about the subject. At that time,
we asked ourselves the question, '"Is the rapid falloff of the u-pair cross
section (Fig. 1) as a function of the pair mass consistent with the idea of
point-like constituents in the parton model?' Our innocent inquiry has led to a

10)

model " which is now the standard reference for this process. In this model the
lepton pair is created by quark-antiquark annihilation. Since the model is well
known to all of you, I will simply summarize its predictions:

1. The cross section Q4 §§7 depends only on the scaling variable T = Qz/s;

2. The magnitude and shape of the cross section are determined by the quark
and antiquark distributions measured in deep inelastic lepton scatterings;

3. If a photon, pion, kaon, or antiproton is used as the projectile, its
structure functions can be measured by lepton pair production. This is the
only way I know of to study the quark structure of a particle unavailable
as a target;

4. The transverse momentum of the pair should be small (v300-500 MeV);

5. In the rest system of the lepton pair, the angular distribution is

1+ c0529 with respect to the hadronic collision axis.

The model had at least two difficulties, one fundamental and one practical.
We did not have a convincing argument for neglecting the soft interactions be-
tween the two hadrons. However, we did conclude that impulse approximation is
valid and scaling should hold, although the cross section is not necessarily
normalized by deep inelastic lepton scatterings. For all these years Drell and
I have always been interested in this question. I believe that this is still
an unsettled question.ln On the practical side, the model did not fit the dataa
that inspired its invention. We were totally puzzled by the shoulder-like
structure. We did understand, however, that the rapid decrease of the cross
section with the p-pair mass was related to the behavior of the structure
function Fz(x) near x > 1.

During the last ten years, both theory and experiment have made great
progress. The agreement between theory and experiment is extremely impressive.lz
As far as the naive model is concerned, there are two surprises. The trans-
verse momentum of the pair is found to be much bigger than expected; and it
grows with the center-of-mass energy. The overall normalization of the cross
section is about a factor of two larger than predicted. It is interesting that
both "surprises'" have found an explanation in QCD.

In the next two sections we will discuss the theoretical and experimental

developments in the last ten years.



II. THEORETICAL DEVELOPMENTS
Ten years ago many model field theories existed. But there was no reason
to favor one over the others. Now, we all accept QCD as the possible true theory
for strong interactions. The predictive power of QCD arises from its unique
property of asymptotic freedom. Predictions were obtained by combining QCD with
modern technology in quantum field theory--renormalization group approach and
operator product expansions. The relation of this formal approach to the more

intuitive parton model has become clear only after Altarelli and Parisils)

14)

elucidated the qualitative picture proposed by Kogut and Susskind. Altarelli
and Parisi showed that the renormalization group equations and operator product
expansions are equivalent to a set of evolution equations in Q2 for Q2 dependent
quark and gluon distributions. The importance of their contribution is two-fold.
First, it describes QCD predictions in a language understandable to everyone.

Second, it states that for a deep inelastic process.

Real World = Parton Model + QCD Corrections (I1.1)
15)

be studied in QCD. It is not possible to show that this is a short distance

It is this ansatz proposed by Politzer™ ~ that allows lepton pair production to
process. Low order calculations have turned up encouraging and unexpected
results. The most important ones are:

1. The leading logarithms in Q2 can be absorbed by Qz-dependent quark and anti-
quark distribution functionsla of the hadrons that appear in deep inelastic
scatterings with the rule of substitution Q2 > |Q2|. Scaling is violated, but
only logarithmically and in a way calculable.

2. Analytic continuation from space-like q2 (deep inelastic scattering) to
time-like q2 (lepton pair production) and the difference in kinematics between

16,17

the two processes produce a nonleading finite correction with a very large

coefficient. The result is simplest in terms of moments

=g @ O 42
o, =9, {1+ gt el (11.2)

The ﬂz term is unusually large. For o % 0.2-0.3, the correction factor is about
two. This could be the source of the K factor. The unusually large correction
raises the question of convergence of the perturbation expansion. We have heard
in the Workshop that the ﬂz term might exponentiate1
Os 4 2 Os 4 2
1+ oz exp(ii-3 ™) (1I1.3)

Professor Altarellilg)has called this the '"leading m summation'. Although the
result is plausible, it clearly deserves more study.

3. A large transverse momentum of the lepton pair can be produced by recoil of

quarks or gluons.ZO) A simple dimensional analysis gives
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<al> = a +a (@sE(T,0) (Ir.4)

The constant a is related to the so-called primordial or intrinsic transverse
momenta of the quarks. Eq. (II.4) is a very general prediction of QCD. However,
the function f(T,aS) depends on quark and gluon distributions, and it is diffi-
cult to determine. Furthermore, the constant a is due to non-perturbative
effects and is not calculable. Whether there is an analogous K factor for the
ar distribution is now under investigation.ZIJ This will affect the theoretical

18,22 presented in the Workshop

determination of <q§>. We have also heard schemes
for calculating detailed transverse momentum distributions valid for both large
and small Q- It generalizes the work of Parisi and Petronzioz:9 and involves
summation of soft gluons. This is an ambitious task since small ar is outside
the domain of conventional perturbative QCD. Again I feel that more theoretical
understanding on the subject is desirable.

3. The full angular distribution517’2Q in both 6 and ¢ depend on input quark
and gluon densities and are rather complicated. For small ar the O dependence
is close to 1 +c0528 even when high order corrections are taken into account.

For large Qs the 6 dependence is expected to be substantially modified.

III. EXPERIMENTAL RESULTS AND COMPARISON WITH THEORY

Most of the quantitative predictions of QCD are difficult to test.lg In an
ideal world where the running coupling constant is small so the calculation is
reliable, short distance QCD effects are small corrections to the parton model.
What experimentalists actually observe are pure QCD results convoluted with
phenomenological inputs of gluon and quark densities. It is then not straight-
forward to judge whether a confrontation between theory and experiment is a
success or not. In practice, the problem is further compounded: the running
coupling constant is not small and Q2 is not infinite. High order corrections
could be unusually large as in the case of the K factor mentioned earlier.
Higher twist contributions could be significant. We must be careful in distin-
guishing a general prediction from the specific fit.

Despite the long list of qualifications, there is no question that a great
deal has been learned from experiments on lepton pair production. We will men-
tion some of the most impressive experimental results presented in the Workshop:

1. Scaling has now been confirmed by both nucleon4’25’26 27,28) data.

and pion
The CFS data on the proton and the NA3 and § result on the pion are shown in
Fig. 3. For other evidence of scaling the reader is referred to the talks from
different experimental groups in these Proceedings. This is important since it
is the first indication that lepton pair production is a hard process, and

therefore it is accessible to perturbative QCD treatment. However, scaling
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violation predicted by QCD is not visible in the data.

2. By combining proton and antiproton data27’zgl NA3 is able to separate the
valence and sea distribution inside a proton or an antiproton. Comparison be-
tween the quark distribution functions from lepton pair production and neutrino
scattering is shown in Fig. 4. It is a most remarkable achievement that the
shapes agree so well. This is a confirmation of the pair production mechanism of
quark-antiquark annihilation. Nevertheless, a factor of K % 2.3 is found
necessary to bring the CDHS data to coincide with the NA3 data. A similar K

25,26,30)

factor was found in other experiments with the proton beam.

3. For the first time we have gotten a glimpse of how the quarks are dis-

tributed inside the unstable particle527_29’3D T, K and p. The quark distribu-
tion function inside a pion is shown in Fig. 5. The shapes agree very well among

data from NA3 and C1P. The normalization is fixed by

1
L)[uﬂ+(x) - G%+(x)]dx =1 (III.1)
Again, it is found that the data exceed by a factor of about two the predicted
normalization.
4. Both pN4’25’26)and N28’31’3a data show that the transverse momentum of the

lepton pair grows with the center-of-mass energy /s (Fig. 6). While this be-
havior is predicted by QCD on very general grounds, specific attempts to fit the
data have not been very satisfactory. A rather large primordial transverse
momentum is needed, and the gluon densities needed for input are not known. If
we extrapolate the curve in Fig. 6 to /s % 400 GeV, the lepton pair will have an
average transverse momentum larger than 10 GeV. This will make it more difficult

20)

5. The electric charges of the annihilating q-a-pairs are revealed in the

4
to detect the existence of the W~ boson produced by this process.

measured cross sections. In the region T = 1, where valence quarks dominate, the

model predicts

. * e2
Lim M:i:i (II1.2)
T>1 - .2 4
a(m C) e,
Li * eg d 1
Jm olrp) <= (u = 2d) (111.3)
0(.“ P) eu u 8
where d and u are the down and up quark distribution inside a proton, respec-
tively. These trends are clearly visible in the data?7’28’33 (The NA3 data are

shown in Fig. 7.) To me, this is a very visual and direct revelation of the
quark charges.

6. The most overwhelming evidence for the q—a-annihilation mechanism is
offered by the relative yield of the lepton pair production from a proton, an

antiproton, and a pion beam. The data3D are shown in Fig. 8. The ratio
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o(mp)/o(pp) increases steadily with the M-pair mass and exceeds 100 at Q = 10
GeV. Such a behavior is easily undérstood if the pair is produced by q-q
annihilation. 1In the 7Tp case the pion is abundant in valence antiquarks, while
in the pp case the scarce antiquarks have to come from the sea. It is very
difficult for me to imagine an alternative explanation of this dramatic behavior.

7. Angular distributionszs’27’28’sn

are found to be consistent with the pre-
diction 1+ coszﬁ. This is another evidence for spin 1/2 quarks. However, the
annihilating quarks have substantial transverse momenta. Consequently, the beam
axis of the hadrons does not coincide with the colliding axis of participating
quarks. Choice of a frame becomes an important issue. The Collins-Soper
framess)and the Gottfried-Jackson frame are most commonly used for comparison
between theory and experiment.

8. The A dependence of the high mass lepton pair production cross section is
strikingly different from that of ordinary hadronic processes. For Q 3 4 GeV
the cross section does not show any shadowing. The A dependence is commonly
parametrized by

oy = A% g (I11.4)

4’27’31)are all consistent with a = 1.

The o parameters from different experiments
The linear A dependence is intuitively reasonable since to produce a high mass
lepton pair the annihilating quarks must be sufficiently off-shell so that they
cannot be absorbed on the nuclear surface.

Any item on the list is a great achievement by itself. Together with deep
inelastic lepton scatterings they form a coherent and self-consistent picture
for electromagnetic and weak current induced processes in terms of the parton
model and asymptotic freedom. Of course, they also strongly support the model
of q-q annihilation for the lepton pair production. Even the failure of the
prediction of a small average ar for the pair by the naive model should be con-
sidered a theoretical triumph. The parton model was constructed to give perfect
Bjorken scaling by introducing an artificial transverse momentum cutoff. There
is no intrinsic mass scale in QCD and no cutoff exists. Consequently, Bjorken
scaling is violated by asymptotic freedom and ar should growso with Vs. To me,
the most surprising thing is that nonleading corrections (the K factor) have been
observed, but the leading corrections (logarithmic scaling violations) have

not!ss)

IV. DISCUSSION
Based on the talks presented at the Workshop I have briefly summarized the
status in theory and experiment of the lepton pair production. Both theorists
and experimentalists can be proud of what they have achieved. Not only have we

a general understanding of the process itself in terms of a simple model, but
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also the process has become an invaluable and only tool to study the short
distance structure of the unstable particles m, K and p. Furthermore, the pro-
cess has turned out to be a fertile ground for theoretical investigation of
various aspects of perturbative QCD. This is an exciting time. Lots have been
accomplished; yet lots more remain to be done. To conclude my talk, let me
repeat a few important theoretical issties and list some future challenges to
the experimentalists.

I will mention only three theoretical issues, all of which are related to

soft gluon exchanges:

1. Transverse momentum distributions. Does Compton scattering
(g +q~ y* + q) or pair annihilation (q + q > y* + g) dominate? How
can primoridal (or intrinsic) transverse momentum be properly incor-
porated? Is it possible to handle small and large transverse momentum
in a uniform framework? We have heard interesting discussions in this
week. We hope that lots of progress will be made soon.

2. The K factor. Theorists have found a possible source for the K factor.
If indeed it is controlled by aS(QZ), the K factor will approach thenaive
value of unity as Q2 + c_ It appears to be a remnant of soft gluon
effects. Is it related to the soft interactions between the two hadrons
that Drell and I worried about more than ten years ago? Clearly, we need
a better understanding.

3. A dependencé. Except for the qualitative argument mentioned earlier, a
linear A dependence has not been explicitly demonstrated by the theor-
ists. This particular A dependence indicates that effects of soft inter-
actions between the projectile and a spectator nucleon in the nucleus
cancel among different channels. If so, the partial cross section of a
specific channel will not exhibit a linear A dependence.

For the experimentalists, the obvious challenges are:

1. Determination of photon structure from the photoproduction of lepton
pairs: N - 29 + X The photon structure will also be studied by the
two-photon process in e'e” annihilation, Imagine the day when we will
compare the internal structure of the photon determined by the two diff-
erent methods!

36)

+
Discovery of 2% and W-. Several experiments™ ~ are already under prepa-

N

ration to begin at the ﬁb collider at SPS. We wish them the best of
luck!

3. Properties of associated hadron final states. Because a q-q pair dis-
appears from the initial state in a lepton pair production, there will
be many interesting effects in the associated final hadrons. We have

already heard experimental talks on the subject.3
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