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Abstract. The differential cross-section for dimuon
production by 194GeV/c n~ on W, as measured by
the NAIO Collaboration, is compared with theoreti-
cal models. The wide kinematical range of the data,
extending well above the Y resonances, provides the
opportunity of a comparison with ‘realistic’ Drell-
Yan models, ie. with those allowing for scaling vio-
lation in the hadronic structure functions. The data
in fact clearly indicate the failure of the ‘naive’ Drell-
Yan model, while the available ‘realistic’ versions
(leading logarithm approximation and next-to-lead-
ing logarithm approximation in first order QCD), al-
though giving a better description of the data, still

disagree in the x, and ]ﬁ dependences of the cross-
section at high dimuon masses. This disagreement is
referred to here as ‘anomalous’ scaling violation.
The dependence of the results on external inputs
(nucleon and pion-sea structure functions) is ana-
lysed; it is shown that in the next-to-leading loga-
rithm approximation the value (K)»=1.03+0.03
(stat.) can be obtained for the ratio experimental/
theoretical cross-section.
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1. Introduction

In the preceding paper [1] we reported the results of
a measurement of the differential cross-section for
the production of high-mass muon pairs by a
194GeV/c n~ beam on a tungsten target. In the
present article we compare these results with current
theoretical predictions.

The main features of lepton pair production in
hadronic collisions have been explained in the
framework of the Drell-Yan model [2], in which a
quark of one of the hadrons annihilates with an
antiquark of the other hadron, producing a virtual
photon which materializes into a lepton pair. How-
ever, in the region where they were sensitive, i.¢. be-
low the Y resonance, past experiments [3] have al-
ready shown that, for a variety of incident particles
and for different energies, the total muon pair pro-
duction cross-section is larger than the one com-
puted according to the original Drell-Yan model.
Their ratio, the so-called ‘K-factor’, was assumed to
be a constant, with a measured value of 2.3+0.5 [4].

The original Drell-Yan model, henceforth refer-
red to by us as ‘naive’, has to be amended to in-
clude QCD corrections. These have been computed
perturbatively to lowest order in o(M?), with the
following results:

a) In the leading logarithm approximation (LLA)
[5], one simply has to allow for the ‘evolution’ of
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the hadron structure functions, well known (for nu-
cleons) from the observed scaling violations in deep
inelastic scattering (DIS). Quantum chromodynamics
(QCD) provides, through the Altarelli-Parisi equa-
tions [6], a procedure for calculating this evolution;

b) The next-to-leading logarithm approximation
(NLLA) [7] predicts essentially the same ]ﬁ and xg
dependences as the LLA, but supplies an overall
scale factor of about 1.8.

The Drell-Yan model calculated with allowance
for scaling violation might be called a ‘realistic’ one.

Obviously, it will lead to differences in the ]/ T, Xp
distribution as compared to its ‘naive’ precursor.
The predicted differences are, however, small in the
kinematical region covered by earlier experiments
[3] (ie. below the Y), thereby justifying the extrac-
tion of the structure functions from the data in the
framework of the ‘naive’ model, especially in the
cases of limited statistics.

The high statistics of our experiment and the fact
that it provides data above the Y (i.e. at high values
of 1) call for a comparison with ‘realistic’ models.
For a differential comparison, it is useful to in-
troduce a K-function, defined by:

do™®/dx | z=K(xp, /1) do®/dx ],z (1)

where do®™®/dx; is the experimentally determined
cross-section, and do™/dx, the corresponding

theoretical one, both at the same value of }/t.
Should theory and experiment disagree only in ab-
solute magnitude, then this K-function would be a
constant, i.e. become the usual K-factor mentioned
above. The theoretical cross-section obviously de-
pends on the model assumed and on the numerical
values taken for the pion and nucleon structure
function parameters.

2. Formalism

In the ‘naive’ Drell-Yan formalism the differential
cross-section may be written as

d*ofdx dx,=(@4na?/9M?)Y e?

L, (x1)- Ty, (x) + (1 o 2)], 2)

where M is the dimuon mass, x; and x, are the frac-
tional momenta of the hadrons H; carried by the
quarks of flavour i, q},j(q},j) is the density of quark
(antiquark) i in hadron H;, e; is the quark (anti-
quark) electric charge; the factor 1/3 is incorporated
for colour conservation. Denoting the total energy

by ]/; and the dimuon longitudinal momentum by

P* in the centre-of-mass system one has

Xp=x; —X,=2B*/)/s. 3)

The quark densities in (2) are defined as the sum of
valence and sea densities by relations of the type

— — M2
T=Xx,-X,=M"/s,

Tr(u) = Vo (x) + S, (x),
qp(x)=u(x)+Sp(x),

(x=x,)
(x=x,), )

The pion structure functions, assumed to be SU(2)
symmetrical for the valence quarks and SU(3) sym-
metrical for the sea quarks, are parametrized accord-
ing to Buras and Gaemers [8]:

xV(x)=A4,x*(1 —x)’~  for the valence quarks

and (5)
xS, (x)=A4,(1 —x)’= for the sea quarks

with the normalizations:
1

j Vi(x)dx=1

4]

and
1

JX[2Va()+65 ()] dx=1-g,>

0

at M=M,, (6)

where {g,> represents the fractional momentum car-
ried by the gluons. For the nucleon structure func-
tions we use the following parametrization:

xu(x)=A,x*(1 —x)P*(1 +yx*)
and

xd(x)=A,x*(1 —x)" T 11 +yx™)
for the valence quarks (7)

and

xS, (x)=xi1(x)=xd(x)=2x A(x) = C(1 —x)**

for the sea quarks.

The normalization coefficients for the valence quarks
are again obtained by quark counting:

u(x)dx=2, }d(x)dx=1. (8)
0

O =

For the ‘realistic’ Drell-Yan model (in the LLA ap-
proximation) as already referred to in the Introduc-
tion, one simply has to replace the scale-independent
densities by M2-dependent ones in (2). In the frame-
work of the parametrizations (5) and (7), scaling vio-
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lation implies that the parameters o, o, etc., evolve
with §, for example:

oy =0,() with s=In[ln(M¥/A%)/In(M2/A%)]. ()

Conversely, one recovers the ‘naive’ Drell-Yan mod-
el by fixing the parameters at some specific M2,

3. Comparison with Models,
and Pion Valence Structure Function

The data analysed here were taken with the NAI1O
spectrometer which is described elsewhere [9]. We
analysed a sample of 155,000 events with masses
greater than 4.07 GeV/c? Their x,,x, distribution is
shown in Fig.1. The region of the Y resonances is
excluded from the analysis by omitting events with
masses between 8.5 and 11 GeV/c2.

We shall consider successively the predictions of
the ‘naive’ and of the ‘realistic’ Drell-Yan models.
For each model, we shall first determine the pion
valence parameters, then compute the corresponding

theoretical cross-section, and finally study the ]/ T

and x, dependence of K(xF,]/;) as defined by (1).
As external inputs, we use parameters given in Ta-
blel, ie. for the nucleon those obtained by Eisele
[10] by fitting the parametrization (7) to the most
recent CDHS neutrino data in iron [11], and for the
pion sea those obtained by the NA3 Collaboration
from their independent measurements with =" and
7~ beams [4].

1.

X2

0.6 —

0.4 |-

0.2 -

Q. 0.2 0.4 0.6 0.8 1.
X4
Fig. 1. Distribution of events in the x; —x, plane

We start with the ‘naive” Drell-Yan model, fixing
the nucleon parameters at M?*=25(GeV)?, and as-
suming the validity of this model over the whole ki-
nematical domain where we have reliable data, ie.

]/ 7>0.24 and x,>0. The resulting fitted values are
shown in Table2. It is evident from the value of y?
that this model, as could be expected, gives a poor
fit. To establish the detailed nature of the discrep-
ancy, we compare (see Fig.2) the theoretically pre-
dicted cross-section, scaled with (K}, in four suc-

Table 1. External inputs. For the definition of the parameters see (7), (8), and (10) of the text

Nucleon Parameters

Refs. [10, 11]

Refs. [14, 15]

o 0.3543+0.41225 0.6190 —0.16785

o, 1.5760+2.01705 -

B, 3.8330+ 2.868035 2.8670+0.66875

Yo 11.57 0.00

B, 7.417 —1.1385+13.225% —4.9665> —1.865* As [10]

C (0.50758 +0.230065+0.0673455%)/2.8 As [10]

M3 [GeVZi/c*] 5.0 5.0

A [GeV/c?] 0.30 0.30

Pion Parameters

Ay B, (on A, B, c, e {8 Mé 4
[GeVZ/c*] [GeV/c?]

0.0579 —-0.2370 —0.0328 0.5150 —-0.0114 0.0544 8.4 0.47 25.0 0.3

.y =A; +Bio o+ Ci B o

Bri=Ay+Byu, o+ CyBry
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Table 2. Results of fits of pion valence parameters, at M2=25GeV?, for different model assumptions. (K} is the mean normalization
factor between data and model resulting from the fits. Nucleon structure parameters are from [10, 117]; pion sea parameters are those of
[4]. HYBR =pion structure functions without evolution. Only statistical errors are given

Model o oy B By K-factor  y?/d.of  Confidence x* 7?
level (%) (below Y) (above Y)

Fit region: 0.24 <1/; <0.72
DY [10, 11] 0.44+0.03 - 1.18+0.04 - 2.60+0.11 199.2/42 0.0 83.7 115.6
LLA 10, 11] 0.394+0.02 —-007+£001 0984004 056+0.002 2784012 56.0/42 7.1 37.4 18.6
NLLA [10, 11] 040+0.03 —0.07+0.01 1034004 057+0.002 1614007 57.5/42 53 364 21.2
HYBR [10, 11] 0.44+0.03 - 1.134£004 - 262+0.12 53.0/42 118 28.4 24.6
Fit region: 0.24 <]/; <042
DY [10, 11] 0.41+0.03 - 1.09+0.04 - 2714013  75.3/36 0.0 75.3 134.8
LLA [10, 11] 0414003 —007+0.01 1024004 05740002 2694012 366/36 447 36.6 20.2
NLLA [10, 11] 041+003 —0.07+0.01 1.044+004 05740002 1584007 36.0/36 474 36.0 21.7
HYBR [10, 11] 0.44 +0.03 - 1.144+0.04 - 2.58+0.12 28.2/36 18.1 28.2 25.0
Fit region: 0.24<}/7 <0.30
DY [10, 11] 0424005 - 1074011 - 2671021 7.1/7 - - -

ye=8.43 <g,>=0.47 Fit region © 0.24<v7<0.72 Ya=8.4 <g,>=0.47
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Fig.2. Comparison of the measured cross-sections with various
model calculations and scaled with the appropriate (K)». DY
=‘naive’ Drell-Yan, LLA=leading logarithm approximation,
NLLA =next-to-leading logarithm approximation. The pion va-
lence parameters were adjusted over the entire data sample, ie.
0.24<)/t1<042 and 054<}/t<0.72, in the cases of DY and
LLA; in the case of NLLA, they are adjusted in the region
0.24 <]/r <0.42. The uncertainty in the predicted cross-sections
induced by the errors in the fitted pion parameters is illustrated
(for the NLLA model) by the shaded area in the graph for the

highest }/z bin
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Fig.3. Variations of the K-function defined with respect to the
‘naive’ Drell-Yan model. The pion valence parameters have been
adjusted over the entire data sample. The dashed line represents
the average (K factor obtained in the fit. The mean values of K
corresponding to individual z-bins are indicated numerically
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cessive 1/ © bins with the experimental points. It is
clear that the disagreement is most pronounced in

the highest ]ﬂ bin, which contributes excessively to
the overall x?, while affecting the values of the fitted
parameters only little. An alternative representation
of the same fit is given in Fig.3 in terms of the K-
function, (1).

Both representations indicate that the ‘naive’
Drell-Yan prediction, even when multiplied by a
constant, fails to reproduce the data over the entire
mass range covered by the NA10 experiment. This is
not too astonishing in view of the fact that scaling
violation (in the nucleon) is well established through
DIS experiments, and shows the usefulness of a K-
function in place of a constant K-factor. As dis-
played in Fig.3, the local K-factors K decrease with

increasing J/7; note that almost all points in the top

]/r bin lie below the <K) averaged over the lower
bins. This is qualitatively what known scaling vio-
lation predicts.

For a comparison of our results with those of
NA3 we have adopted the same external parameters
as used in [4] and determined the pion valence pa-
rameters in the same kinematical range (x>0 and
0.24 </t <0.42), obtaining o, =0.41+0.03, g =1.11
10.04, and <K>=2.36+0.11 (statistical errors). These
values are in good agreement with those of [4].

We then proceed to the comparison with the ‘re-
alistic’ Drell-Yan model in the LLA. Here the pion
valence parameters were determined with two alter-
native approaches:

a) In one approach, the pion valence parameters
at a given mass were calculated using the entire data
set and taking into account the known M?2-
dependence of the structure functions. This calcu-
lation was performed parametrizing the pion struc-
ture evolution in a form suggested by Buras and
Gaemers [12]

a (M*) =0, (M3 +a,, -§
and (10)
Bo(M*) =B o(M3)+ B, -5,

with § as defined in [9].

Constraining the moments of the pion structure
function by the Altarelli-Parisi equations, we ob-
tained a set of relations expressing «,, and f_, as
functions of «,, and o, given the above M? de-
pendence. We obtained the values listed in Table2
and the cross-section shown in Fig.2. The depen-

dence of K(xF,]/;) on xp is shown in Fig. 4 in the
four /% intervals.

b) In another approach, we started with the val-
ues o, and f,,, as determined according to the ‘na-

Fit region : 0.24<v7<0.72 Va=8.45 <g,>=0.47
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Fig.4. Variations of the K-function with respect to the LLA pre-
dictions. The dashed line represents the average (K) factor ob-
tained in the fit. The mean values of K corresponding to indi-
vidual 7-bins are indicated numerically

ive’ Drell-Yan model in the interval 0.24 <}/7 <0.30,
then computed the MZ>-dependence of the pion
structure functions, solving the Altarelli-Parisi equa-
tions directly, as described by Gabellini et al. [13].
Thus knowing the mass dependence of the pion va-
lence structure function we computed the cross-sec-
tion (2). The corresponding K-function is within the
errors identical with that obtained by the method
described in (a).

The shapes of the predicted x distributions are
with this ‘realistic’ model closer to the observed
ones (see the improved y? in Table2), but the dis-
agreement persists at high ]/r. Furthermore, a dis-
agreement between the model and the data can also
be observed (see Fig.5) in the behaviour of K(]/;, Xp)
integrated with respect to x,.

It is a priori clear that including the next-to-lead-
ing logarithm terms of the first-order approximation
(NLLA) should not allow the explanation of the ob-
served disagreement, since according to Kubar et al.
[7] these additional terms should practically not

change the 1/t and x, dependence of the differential
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Fit region [ 0.24<v7<0.72
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Fig.5. Variations of the K-function K(]/ ;), integrated for
0.0 <x;<0.5, as a function of }/7 in the LLA model

cross-section in our kinematical region. Nevertheless,
we have adjusted o,, and f,, to our data in the
framework of their calculation. The values of the fit-
ted pion parameters are again listed in Table2. As
expected, the magnitude of the predicted differential
cross-section is closer to the observed one, and the
predicted shape shows the same type of disagree-
ment with experiment as in the case of LLA (see
Fig. 6).

It is evident both from qualitative considerations
on the anticipated evolution of the structure func-
tions as well as from the curves in Fig. 2 that scaling

violation should play but a minor role for 1/ 1<0.42,
L.e. below the Y. It is therefore of some interest to fit

the data with ]/‘C <0.42, so as to be able to estimate
the likelihood that the measured points in the top
]/r bin of Fig.2 are consistent with the model pre-
dictions; the resultant parameters are included in
Table2. For this estimate (in NLLA), we adopt the
uncertainty in the predicted cross-section (or K-func-
tion) as indicated by the shaded band (one standard
deviation) in Fig.2. This band allows only for the
uncertainties in the pion structure function parame-
ters, L.e. neglects those due to the nucleon. The top

Fit region I 0.24<v7<0.72 Y-=8.43 <g.>=0.47
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1. v

bin contributes 19 to the total ¥* of 56, correspond-
ing for the 6 degrees of freedom involved to a con-
fidence level (C.L.) of 3%,.

There is another interesting conclusion to be
drawn from our fits. While scaling violation in the
nucleon has been well established by DIS, there is a
lack of any direct experimental evidence to date for
the analogous effect in the pion. In order to display
our sensitivity to the M2-dependence in the pion, we
have performed an analysis allowing only for the
nucleon’s evolution. While the > below the Y is still
good, one obtains an even worse x? for the predic-
tion for the top bin, as can be seen from the corre-
sponding entry in Table 2. Since the ‘realistic’ mod-
els are unable to reproduce our data where evolu-
tion matters, this result provides only circumstantial
evidence on the evolution of the pion structure func-
tion.

4. Sensitivity of the K-Function
to the External Parameters

The comparison of our cross-section with QCD pre-
dictions in the NLLA shows a disagreement in
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Table 3. Same as Table2, except nucleon valence parameters are from {14, 15]. Nucleon sea parameters are from [10, 11]. Only statistical

errors are given

Model o, oy Bo B, K-factor  y?/d.of  Confidence x* I
level (%) (below Y) (above Y)

Fit region: 0.24<}/7<0.72

LLA [14, 15] 0404003 —007+001 0964004 05640002 2334010 723/42 02 433 29.1
NLLA [14, 15] 0414003 —0074001 101+004 05740002 1354006 77.8/42 00 429 349
HYBR [14, 15] 0454003 - 1124004 - 2204010 728/42 02 288 44.0

Fit region: 0.24 <)/t <0.42

LLA [14, 15] 0424003 —0074001 0984004 05640002 228+0.10 429/36 20.1 429 29.8
NLLA [14, 15] 0424003 —0074001 101+004 05740002 1344006 426/36 212 42,6 355
HYBR [14, 15] 0454003 - 1114004 - 2184010 282/36 179 282 453

Table4. Pion valence parameters in NLLA, corresponding to nucleon valence structure functions of [10, 11 and 14, 15]. Only statistical

errors are given

2

Model oy oy Bo B, K-factor  yx%/dof  Confidence »* 7

level (%)  (below Y} (above Y)
Fit region: 0.36<}/7 <0.42
NLLA [14, 15] 042+0.14 —0.08+003 1034010 0.57+0.005 1371042 8.6/12 25.8 60.7 37.2
NLLA [10, 11] 048+0.15 —0.09+004 1084010 05710006 1.39+039 8.8/12 27.5 54.5 232

shape for ]/; >0.54, as well as a disagreement in the
overall absolute normalization [(K>=1.584+0.07
(stat)]. We shall first investigate the influence of the
choice of the nucleon parameters on the disagree-
ment in shape observed in the region above the Y’s.

Since [10] does not attach errors to the parame-
ters, this influence cannot be assessed quantitatively,
i.e. by appropriately increasing the width of the stan-
dard-deviation error band in Fig.2. However, we
have attempted to estimate it qualitatively by com-
paring differential cross-sections calculated in LLA
with nucleon structure functions determined from
fits to the data from two different v-DIS experiments
[11, 14]. In these calculations [15], we adopted for
the nucleon the sea of [10] and the valence para-
metrization of Buras-Gaemers as given in Table 1.
With these inputs we fitted, as in the previous cases,
for the pion valence parameters and the K-factor.
The results, for the CCFRR nucleon [14], are sum-
marized in Table 3. In the top bin above the Y’s, the
renormalized do/dx;’s so computed and scaled with
{K) differ only by 7% to 1% as x, goes from 0 to
0.5. The smallness of these differences is due to the
fact that the changes are predominantly absorbed by
the K-factor and by the pion structure function pa-
rameters. Apart from the question of the proper
choice of the nucleon valence parameters, there is
also that concerning the Fermi motion. In fact, our
data [1] are corrected for the latter while those ob-
tained in DIS experiments [ 11, 14] make no special

allowance for it. The nucleon parameter changes
that correspond to such a correction are, however,
smaller than those between fits to [11] and [14],
and would again be absorbed by the pion parame-
ters. Attributing the observed behaviour of K in the
top 1/ bin to uncertainties in the nucleon structure
function alone seems thus unlikely in view of this
analysis.

We next turn to the absolute normalization.
While the statistical error on (K) is small (6%),
large systematic uncertainties (see Tables 2 and 3)
arise mainly from three sources: i) errors (9 %) in the
luminosity and collection efficiency of our set-up
[1]; ii) differences in the fits to the two DIS neutri-
no experiments [11, 14] we have considered (20 %);
iii) errors in the pion sea parameters [4] (25 %;). We
estimated the last error by allowing a variation in
the parameters y_ and g, by one standard deviation,
and by duly accounting for correlations. In view of
these uncertainties, our result for (K) is compatible
with the QCD predictions in the NLLA.

It is worth stressing that by adopting the para-
metrization [15] of the v-data of [14] and by fixing
the values y,=6.3 and g,=0.32 (both well within the
quoted errors of [4]) one obtains, in NLLA, the val-
ue {K>=1.0340.03 (stat.), 1.e. remarkable agreement
between this QCD approximation and experiment.

It is also possible to determine the value of (K)
by a method which altogether avoids the uncertain-
ties due to the pion sea. It suffices to determine the
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pion valence parameters, and hence (K>, in a t-
range where the pion sea contribution is negligible.
Such a range is 0.36<1/;<0.42, where we have
12,000 events. The results are included in Table4,
and the value for (K> =1.39 +0.39 (stat.) (nucleon of
[10, 117), is in good agreement with the above con-
sideration,

As already explained in [9], we have checked the
sensitivity of our results to various other inputs, and
found the experimental inefficiencies to be small
Biases related to the model used for the Monte
Carlo simulation were also investigated. They lead
only to corrections well within the statistical errors.

5. Conclusion

A very large sample of dimuon events, provided by
the NA1O experiment allowed a differential analysis
over a wide kinematical region extending well be-
yond the Y resonances and leads to the following
conclusions:

i) For /1<042, ie. below the Y, our results are
in good agreement with those of previous experi-
ments [4], if analysed with the same external inputs.

ii) According to the choice of the nucleon-struc-
ture functions, (K> (defined with respect to the
NLLA) varies between 1.34 and 1.58, and the 25%]
uncertainty due to the parameters of the pion sea
makes these values well consistent with the theoreti-
cal prediction ((K)~1).

iif) For 1/7>0.54, i.e. for masses above the Y’s:
a) conventional scaling does not predict do/dx, cor-
rectly, i.e. one observes, at a C.L. of 3x 1073, a dis-
agreement with the data;

b) K(]/;) cannot be described over the entire ]/?
range by a single K-factor.

We refer to these observations as anomalous scal-
ing violation.

iv) Above ]/ 7=0.54, qualitative evidence for the

evolution of the pion structure function is obtained.
One may speculate on the origin of the scaling
anomalies that we are observing. The importance of
the higher-order QCD corrections [16] which have
yet to be computed is an open question. The cor-
rectness of the factorization approach, and in partic-
ular its interdependence on the B, distributions (over
which we integrate!), is also subject to critical dis-
cussion. It might be worth noting that the A-depen-
dence of the nucleon structure function, known as
the EMC effect [17], does not supply a valid expla-
nation of the observed anomalies: allowing for such
an effect between iron and tungsten [18] in hadronic
muon-pair production leads to @ much smaller effect
than reported here.
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