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ABSTRACT

Recent results from muon—nucleon scattering on the
structure function F;, on multi-muon production and on the

<p%> of charged hadrons produced in the deep inelastic interaction
are compared with QCD,
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MUON-NUCLEON SCATTIERING,

QCD RELATED EXPERIMENTAL RESULTS

F¥.¥. Brasse
DESY, Hamburg and

CERN, Geneva.

INTRODUCTION

Deep inelastic scattering of charged leptoms on nucleons had lead
with the observation of scaling of the structure functions to the
quark parton picture of nucleons. With improved accuracy of the
measurements and an increased scale of Q2 in the scattering experi-
ments violation of scaling was found giving an important basis for the
new strong interaction theory, the Quantum Chromo Dynamics. It seems
now that charged lepton nucleon scattering is entering a third phase
in the understanding of hadronic interactions by actually testing
quantitatively predictions of QCD. The muon beam at the CERN SPS with
high intensity and high energy makes it possible to combine high
accuracy with a large scale of energy and momentum transfer. Further-
more, not only the behaviour of structure functions can be compared
with the theory but alsc particle production via detected hadrons or
additional muons.

The European Muon Collaboration (EMC) has carried out a series of
experiments which gave results at the same time for all areas
mentioned above. I will concentrate the discussion therefore on
results from this collaboration but will also refer to other
experiments, ' '

MEASUREMENT OF F,, ITS SCALING VIOLATION AND QCD ANALYSIS

Before discussing the experimental results it is worthwhile to
get an idea about the tools of measurements. Fig. 1 shows the appa-
ratus of the EMC in an idealised three-dimensional view. The incoming
muon beam impinges on a target, which had been for the measurements
reported here either a 6m liquid hydrogen target or a 2.0 kg/cm2 iron



Fig. 1. The spectrometer of the EMC.

target interleaved with scintillators (8TAC target) to measure the
total hadronic or electromagnetic energy produced in the scattering
process. The four momentum of charged particles leaving the target is
determined by a large air gap magnet (FSM) and a set of drift (W1-5)
and proportional (P0-3) chambers. Hadrons are stopped in the absorber
$0 that muons are identified behind it by reconstructing their tracks
in another set of large drift chambers (W6-7). Large hodoscopes are
used for triggering (H1-4) and for vetoing (V1-3) against halo muons.
Some identification of charged hadrons is achieved by a Cerenkov
counter (C,) and of neutrals by a calorimeter (Hp).

Experiments on both targets have been carried out with different
energies of the primary muon beam reaching from 120 to 280 GeV. For
the measurement of structure functions this provides the largest
possible coverage of the Q?, x vlane with good overlap in this region
among the data with different energies. Furthermore from the
difference of the cross sections at a given Q°, x point measured with
different primary energies it is possible to determine R, the ratio
of the longitudinal to transverse virtual photon cross section.
Results on this value have not been obtained up to now from the EMC
measurements; therefore the assumption R = 0,2 as an average result
at lower Q° ! has been made for the determination of Fj.

The structure function F, as obtained from measurements on the
iron target and from combining three different primary energies is
shown in fig., 2 as a function of Qz for different bins in x. At small
values of x the structure function F; clearly rises with increasing
Q® whereas at large x it falls definitely. At small x the upper limit
in Q2% is given by the primary energy whereas in the highest x bin
is still dictated by statistics. The amount of scaling violation is
better visible in fig. 3, where the value b= d'lnFZ/szas fitted to
the different x bins is shown as a function of x. For x20.25 results
on Fp in the higher Q® region have been obtained also by the
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BCDMS®  groump at CERN, using a carbon target. Their results as a
combimation of three different energies are compared in fig. 4 with
the results from the EMC on the iron target. In this case both data
sets are mot corrected for Fermi motion, whereas in fig. 2 this
correction is in. The agreement between the two sets of structure
functions is remarkable. :

To reach as low Q2 as possible the lowest energy was 120 GeV
for both targets. For the hydrogen target the results from EMC® are
shown in fig. 5 and are compared with data from SLAC!. Both data
sets joinm on to each other rather well although a difference in
mormalisation up to 107 is not excluded.

The low energy F; data (120 GeV) and the high energy data on hydrogen
(280 GeV) of the EMC are shown together in fig. 6. The agreement in
the overlapping regions of Q® is excellent. The general behaviour
of F» as a function of x and Q° is the same as found on the iron
target. It is represented by the slope parameter b shown in fig. 3.
Also seen in fig, 6 is the change of F; if R is equal to zero instead
of 0.2. At values of x up to 0.08 the changes are very noticeable
and can be as large as 127,

The curves in figs. 2 and 6 are the result of a QCD analysis®.
Two methods have been applied, which both make direct use of the
Altarelli-Parisi equations . The basic advantage is, compared
to a moment analysis, that it is not necessary to extrapolate the
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Fig. 6. F, as measured by EMC on hydrogen at low and high energy.
(— QCD fit; -—-fit + charm production; -+ data with R = 0)

measured Fz(x,Qz) into low x regions, which are unaccessible to the
experiment. One of the two methods used by the EMC has been developed
by Gonzales—Arroyo et al’, It was restricted to the non singlet part
of the structure funetion and to leading order. As Fy in up scattering
has contributions at small x from the sea (being a singlet part), X
was restricted to x » 0.25, where the sea contributions are very
small®. For the parameterization of F, at a fixed Qf the relation

£y (x,Q3) = Ax(1-x)F

(1-vx)

was used. All data in the region defined above were then taken to
determine ¢, B, Y and the scale parameter A, which is related to the
‘running coupling constant o in leading order by

4 _ 33 - 2n¢

% = Bo log (Q°/A%) ° Bo 3 '

The normalisation factor A was either fixed by sum rule or as a test
left free. The results did not depend on either choice. Also the
choice of @ (2, 7 and 20 Gev? were used) did not alter the fit
parameters. The results on these parameters for the EMC data as well
as for SLAC data are shown in table 1.
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Table 1: Results from a QCD fit using the method
’ of Gonzales—Arroyo et al.(for Q; = 2 GeVZ)7,

Data |A(MeV)| o B8 Y x2 /NDF
EMC pFe <100 | 0.74 | 3.40 | 0.59 83%/72
EMC p <100 | 0.71 | 3.20 {0.23 | 85*/75
SLAC ep 250 [ 0.69 | 2.30 | 0.34 | 93%/39
SLAC ed 340 | 0.65 .| 2.46 | 0.22 18/39

*) only statistical errors are included.

The second method used by the EMC is the one of Abbott et al®.
This analysis was not restricted to the non-singlet part, for which
the parameters of Abbott et al. of ng(x,Q%) were used. The para-
meterization of F§(X,Q%) and A were left free. The results of these
fits in terms of A and F, itself for x > 0.25 were practically
identical to those obtained by the other method. In addition a fit
to the data was obtained for x < 0.25. In figs 2 and 6 the results
from this method are compared with the data for both targets. At
small x the agreement between the fit and the data is clearly not
as good as at medium and large x, especially for the smallest x bin
X = 0.015 on the hydrogen target. For a fixed value of x ome is
crossing the charm production threshold with increasing Q?, getting
a contribution to F, which does not scale and which is not covered
by the QCD calculation, at least not near threshold. The yg~fusion
model used successfully to explain the dimuon events in terms of
charm production (see below) has been taken to calculate this con-
tribution. The result is shown in fig. 6, indicating that a large
fraction of the difference between fit and data can be accounted
for by charm production. In addition to the stronger rise of the
data with Q% up to x = 0.15 on the hydrogen target the iron data
show a rise with Q2 up to x = 0.35 which starts at a certain high
value of Q2 (i.e. for values of y = v/E close to the cut value of
0.85-0.90 applied to the data). This behaviour of the data is not
understood. Although radiative corrections have been applied there
may be the question how reliable the calculations are for a heavy
target at large values of vy.

Table 1 clearly shows that the higher Q2 data from EMC give a
smaller value for A than the lower Q® data from SLAC, The eITor on
A as given by the EMC is about 100 MeV (but excluding A = 0) and is
mainly coming from systematic errors on the relative normalisation
of data sets from different primary energies and from uncertainties
on the energy calibration of the primary muon, The influence of the
SLAC data on A has also been demonstrated by the MSUF collaboration
Ball et al’?, Their results for F> on iron are shown together with
the SLAC ed results in fig. 7. There is no overlap between the two

L T O L R L T T e I TR P



different data sets. But nevertheless a QCD fit has been made by
Ball et al., using also the method of Abbott et al., to the combined
data sets giving A = 0.5%0.2 GeV. The result for the MSUF data alone
is A = 0.1+0.05 GeV.

One possibility to explain the difference on A between SLAC and
EMC is the inclusion of higher twist terms, which can give a larger
contribution at low Q%. The fit for x 2 0.25 to the SLAC results is
dominated by the Q2 range 1-5 GeV?, whereas that to the EMC data
by 5-80 GeV* on the hydrogen target and 5-150 GeV2 on the iron target.
An attempt5 has been made to quantify the higher twist contribution
by the addition of a term proportional to 1/Q? to the parameteriza-
tion of F, for the QCD analysis. The result is rather satisfactory
giving them aiso A = 100 MeV for a reasonable small positive contri-
bution from 1/Q2 term. There is also a difference in the result for
A between the muon scattering experiments as given above and neutrino
interactions as published so far by the CDHS collaborationll. It is
doubtful that this difference could also be explained by higher twist
terms as the kinematic ranges and statistical weights are rather
similar. On the other hand the analysis of the preliminary new data
from CDHS!Z2, using xF3, gives a value A = 0.320.15, which 1s mot
inconsistent with the result from the muon experiments.

T T T T T 1 I

0s- 003<x<0D0E (o) _
M
At 006 <x<01 {a)
7 B 33 i, 01<x<02 (W)
L A Ak Y ¥ Y e g~ 02<x<03 (V) |

024
’ 03<x=<04 (W)

o ¢ Pi<x<DS (o)
005} _
5 -

+ 05 <x<Q7

+ (a) (o)
ooz |- —

] ! | L L | 1
3 2 5 10 Fon 50 0o 200
g7 (Geviic?)
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MULTI-MUON PRODUCTION

_ Since the discovery of charm it is known that open charm pro-
duction should be a rich source of multi-muons and that by measuring
them the production mechanism could be studied. First experimental
Tesults had been delivered by the MSUF experiments'?® and could quali-
tatively be explained by DD production.. Now with the existence of
more precise data a gquantitative comparison with models can be made.

The favoured model now is the photon gluon fusion modell", the
diagram of which is showm in fig. 8. Dynamically the model says that,
contrary to the same diagram for light quarks, the momentum coming
in with the virtual photon is shared between both ¢ quarks. Either
one or both of the D mesons decay semi-leptonically to have either
two or three muons in total in the final state. The signature of this
process is missing energy carried away by the neutrinos. The EMC
has analysed these events from data using the iron target, where the

Y, C D

o

Fig. 8. The photon-~gluon fusion diagram for cc production
with one or two muons in the final state.
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missing energy was determined by the STAC:

Byics = Fheam = Fstac ~ By T Tma (Fu-
Here E is the energy deposited in the STAC. Results for dimuons’®

are shown in fig. 9 in the form of cross sections for the sensitive
part of the apparatus (do_, }. The main background to the process
comes from 7 and K-decay ?mfoz) and has been subtracted. Also shown
are the results from the yg-fusion model calculation as an absolute
prediction. There is remarkably good agreement in the shape of the
distribution as well as in the absolute height. Similarly good
agreement was reached by Clark et al.l® between their di-muon data
taken at FNAL and the yg—fusion model.

- Also tri-muon data have been analysed by the EMC!® using ine-
lastic events in the mass range 1.0 < myyy <°2.5 GeV? as indicated
in fig. 10. The inelastic. events were selected by requiring
E AC > 5 GeV. Furthermore inelastic events with only electromagnetic
sﬁgvers were suppressed by using the information on the shower length
from the STAC. To do this the energy threshold had to be raised from
5 to 20 GeV. Again the results in the form of do ¢ are compared with
the yg—fusion model (fig. 11) and are found to be 1n good agreement.

The input to the yg-fusiomn model (A = 0.5 GeV, m, = 1.5 GeV,
xG(x) = 3(1?x)5, Dg(z) = constant) has not been varied so far. As
in the case of EMC only 15% of all high emergy iron data up to now
are in the multi-u results, with the full statistics a much more
quantitative comparison with the model will be possible and, assu-
ming the model is correct, the best values for the QCD input para-
meters  fitting the data will be found.

Al trimuons I inelostic trimuons J

I {shower energy > SGeV)

? 2161240 HOt 14 J/ Y
§1005 |
3 3
a
© 10}
[ [
& [
> [
w s

‘l I

0 pd 4 0 2 4

Fig. 10. Tri-muons, spectra of the mass (GeV) for the
(uzu3) pair.
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Alreadg elastic J/Y production (see fig. 10) in mwon nucleon
scattering?/»1® jg providing information about the gluon distribution.
The measured Q2  and pr dependences have been used to determine do/dt
at Q2 = 0 as a function of the energy v of the photons. These cross
sections combined with those determined from real photoproduction?!?®
at lower energies as well as the individual distributions do/dQ?
and do/dp% have been comgared with the yg-fusion model and are found
to be in good agreement??. However, some arbitrariness exists in the
absolute normalisation for the model. The v-dependence of o(YN< J/yN)
has been used to calculate the gluon distribution G(x)2°*2!_ The com—
parison with two curves (fig. 12) shows that the data clearly support
x G(x) = 3(1-x)5, the distribution which has been used throughout
all yg~fusion model calculations presented here.

T Fig. 12. The gluon distribution
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The Furopean Muon Collaboration has also deduced results on
inelastic J/y production  (Egpac” 3 GeV), giving perhaps another
piece of information on the coupling of the cc system to the nucleon.
11014 events after background substraction were found inside the cut
regions of 60 <V < 180 GeV and z > 0.3.

The. corresponding number of elastic J/y events in the energy range
50 < v < 180 GeV was 166. A possible source of inelastic J/P's is
the production of higher charmonia states such as y' and ¥, decaying
into J/{. However at most 40% of the observed rate can be accounted
for in this way. Furthermore, applying the yg—fusion medel to the
production of these states, the resulting z and Vv dependencies of
the cross section do not agree with the data®?. Another possible
source is Drell-Yan type production which however has been estimated

to be small.

Duke and Owens??® have done calculations on the basis of the
yg-fusion diagram but taking into account also higher order QCD
diagrams such as the additional emission of soft and hard gluons,
providing the inelasticity. Their results are compared in fig. 13
with the data in terms of pp and z distributions. The overall norma-
lisation fer the total (elastic and inelastic) production is free.
The agreement is very encouraging, and if the calculations are
further supported by more data, this would be a direct measu-
rement of higher order QCD graphs and could have some impact on the
question, to what extent higher orders of QCD are important for the

interpretation of Fg.
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Fig. 13. Elastic!’ and inelastic J/¥ measurements>? compared
with higher order QCD calculations®?.
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TRANSVERSE MOMENTUM OF ﬁADRONS

The emission of hard gluons and the production of qq pairs
according to the diagrams in fig. 14 lead to a broadening of the
hadron distributions, which means an increase of the average trans-
verse momentum of the forward going hadrons. The general belief
therefore is that <p%> is composed of three parts: one coming from
the fragmentation of quarks, another from the intrinsic kp of the
quarks (Fermi motion) and the third one being the QCD part as des-—
cribed before. Hadron production in muon scattering has been
studied?**2% ¢o separate the differemt comtributions. This is in
principle possible using the different dependencies on W, the total
hadronic energy, and on z = Eh/v. Whereas the QCD part is mainly
depending on W, the part of <p%> coming from the intrinmsic ks is
proportional to z?. The fragmentation part should neither depend
strongly on Wnor on z.

In fig. 15 <pz from the EMC data’® is shown as a function of
W? for different bins of z. A strong increase with W? as well as
with z is seen. The QCD part has been calculated?® in first order
of Qg in absolute magnitude as a function of W? for the different
bins of z. This result has been fitted to the data leaving the non-
perturbative part of <p%> for each z bin as a free parameter. The
result -of these fits is also given in fig. 15 showing that the W2
dependence of the data is well represented by QCD. The z dependence
of <pp> as determined experimentally is given in fig. 16 '
showing the very stromg seagull effect. To extract a value on <k%>,
besides the QCD part (curve II in fig. 16) also the fragmentation
(curve I) has been calculated via Monte Carlo, using standard
methods with a cascade model with an exponential p,i. distribution

K op #

q

9
q g

b) gluon emission

¢} quark -antiquark emission

Fig. 14. The zero and first order QCD diagrams.
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Fig. 15. The measured <p%> as a function of W? compared with
the shape as calculated from QCD.

with 0 = 0.35 GeV. A fit has then been made to the data (with z2>0.2)
including a term <p%>==zz-<k%> with <ké>as the fit parameter. The
overall functional dependence of the data is well described by this
model (curve IV) and the result omn <k%> 1s 0.63+0.10 Gev?. A similar
result has been obtained by the DECO experimengj and recently also from
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Fig. 16. The measured <p%> vs. z°. For the curves see text.
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di-muon data in neutrino interactions?®.

Again, as for the study of the yg-fusion model, the QCD input
parameters (A, quark and gluon distributions) have not been varied.
This clearly has to be done in the future to get a coherent picture.

SUMMARY

In summary one can say that muon nucleon scattering is testing
the thory of QCD along different lines in a very powerful way. The
main results from the experiments are:

(a) ¥, on iron and hydrogen over 4 g Q? < 200 GeV? shows clearly
scaling violation. The scale parameter A in leading order comes
out to be zbout 100 MeV.

(b) The yg-fusion model (1. order QCD diagram) can explain all
multi-| data except the inelastic J/Y production.

(c) The <p%> behaviour of charged hadrons can well be déscribed'by
QCD. In a simplified model <kZ> is V0.6 GeVZ.
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