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Abstract

Scaling violations in the proton structure function F,(x,Q?) measured with high statistics in deep
inelastic scattering of muons on a hydrogen target are compared to predictions of perturbative QCD.
Excellent agreement is observed with numerical solutions of the evolution equations in leading and
next-to-leading order. The QCD mass scale parameter A is determined from these data both in a
flavour nonsinglet approximation and with a complete flavour singlet and nonsinglet treatment. An
estimate of the gluon distribution in the proton is given.

Submitted to Physics Letters B

! Deceased.
? Now at Digital Equipment, Torino, Italy.
. ? On leave from Institute of Physics, CSAV, Prague, Czechoslovakia.
* On leave from the Institut fir Hochenergiephysik der AdW der DDR, Berlin-Zeuthen, GDR.
* Now at INFN, Ferrara, Ttaly.
® Now at the Institute of Mathematics, Bulgarian Academy of Sciences, Sofia, Bulgaria.
7 Now at the Institute of Nuclear Research and Nuclear Energy, Buigarian Academy of Sciences, Sofia, Bulgaria.
® On leave from E. Kardelj University and the J. Stefan Institute, Ljubljana, Yugosiavia.
% Now at Siemens AG, Munich, Germany.
1% Now at DPhPE, CEN Saclay, France.
11 Now at CERN, Geneva, Switzerland,
12 Fynded in part by the German Federal Minister for Research and Technology {(BMFT) under contract number 054MU12P6.



2 Test of QCD and a measurement of A

In a previous letter [1], we have reported on a high statistics measurement of the proton structure
function F,(x,Q?) at large four-momentum transfer Q? in deep inelastic scattering of muons on a hy-
drogen target. These data exhibit clear deviations from Bjorken scaling. Here we compare the measured
scaling violations to predictions from perturbative Quantum Chromodynamics (QCD). The results of a
simnilar analysis of the nucleon structure function measured with a carbon target have been reported
earlier [2,3,4]. Tests of QCD from earlier high statistics muon and neutrino experiments are reported
on in refs. [5—12].

In the framework of perturbative QCD [13], scaling violations are due to the Q? evolution of
quark and gluon distributions which can be described by the Altarelli-Parisi equations [14] or, alterna-
tively, by the Q? dependence of their moments [15]. Higher twist contributions to F,, which are not
described by these equations, vary like power series in 1/Q? [16] and are expected to be small over
most of the Q? range of our data. Furthermore, the data extend up to x = 0.75, thus requiring only
little extrapolation to calculate the evolution integrals. Qur measurement is therefore well suited to a
precise test of perturbative QCD.

Several numerical methods have been proposed to fit the QCD predictions to experimental data.
We have mainly employed two methods [4,17,18,19] which have been developed within our collabora-
tion. They allow to fit the flavour singlet and nonsinglet evolution equations both in a leading order
(LO) perturbation expansion and in a next-to-leading order expansion in the MS renormalization
scheme. Four quark flavours were assumed throughout the QCD analysis.

The experimental data shown in Fig. 2 of ref. [1] were used for the fits. Data points with
y <020 atx =075y < 016 at x = 0.65 and y < 0.14 in all other bins of x were excluded to re-
duce the sensitivity of the fits to systematic uncertainties. Points with Q? < 8 GeV? at x < 0.16,
Q? < 14 GeV? at 0.16 < x < 0.25, and with Q% < 20 GeV? at x > 0.25 were excluded to suppress
possible higher twist effects. The combined data after these cuts are shown in Fig. 1.

In the nonsinglet approximation, the gluon contribution is neglected in the evolution equations.
Estimates of the gluon distribution from muon [3,5,6] and neutrino scattering experiments [8,9] have
shown that this approximation is valid at high values of the scaling variable x. Therefore, in the non-

singlet analysis of the data reported here, only the kinematic region with x > 0.275 was considered.
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The cut at Q? < 20 GeV? further reduces the contribution of the gluon distribution which becomes
softer with increasing Q? due to its QCD evolution. The results of these fits are summarized in Ta-
ble 1. We find good agreement between the values of A obtained with the different programs. The av-

erage result for the QCD mass scale parameter in next-to-leading order is
Ags = 205 % 22 (stat.) + 60 (syst.) MeV,

corresponding to a strong coupling constant of
ay(Q? =100 GeV?) = 0.156 + 0.004 (stat.) + 0.011 (syst.).

To evaluate the systematic errors on A and ag, the individual systematic uncertainties on F, were add-
ed to the data and the fits repeated. This was done for each contribution to the systematic error in turn
and the resulting changes in A were combined in quadrature. The final systematic error AA = 60 MeV
is dominated by the 1% uncertainty on the relative normalization between data taken at the four dif-
ferent beam energies. We have checked that all numerical results on A and ag presented in this paper
are insensitive to the choice of the Q2 at which the QCD evolution is started.

Global QCD fits as they are conventionally used to determine A do not, however, constifute a
sensitive test of Quantum Chromodynamics. In general, the x?’s of such fits describe mainly their
agreement with the x dependence of the structure functions which 1s not predicted by the theory, and
the fits can be biased by a priori assumptions on the functional form of F,(x,Q3). A more stringent
test is obtained by comparing directly the x dependence of the measured scaling violations, averaged
over (3%, to the one expected from the QCD evolution. Within the accuracy of the present measure-
ments, this is the only specific prediction of perturbative QCD for deep inelastic Scattcn'ng which can
be tested experimentally. In the nonsinglet approximation, this comparison depends on A as the sole
free parameter whereas in a singlet analysis over the full x range it is also sensitive to the gluon distri-
bution.

The nonsinglet case is shown in Fig. 2a where the logarithmic derivatives dlnF,(x,Q%}/dInQ? are
compared to the next-to-leading order prediction for Agzz = 205 MeV. The logarithmic derivatives in

this figure are the slope parameters of straight line fits InF, = a -+ InQ? + b to the data. To calculate
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in a consistent way the theoretical predictions shown in the same figure, the result of the QCD fit, F3,
was assigned at each (x,Q?) point the statistical error of the corresponding experimental F,. The loga-
rthmic derivatives dInF/dInQ? were then obtained by the same straight line fit as for the experimental
data. Within the errors, this linear representation is an excellent approximation of both the experimen-
tal and the predicted Q? evolution. The measured x dependence of the scaling violations in Fig. 2a is in
agreement with the predicted one within statistical errors.

For the QCD analysis over the full x range of the data, the proton structure function is decom-
posed into a singlet (S) and a nonsinglet (NS) part as F, = F,S+ F,NS where F,;N® and F,S follow
different Q? evolutions, the evolution of F,S being coupled to the gluon distribution. We have checked
using the method of ref. [20] that the effect of the charm threshold 1s negligible in the kinernatic range
of this analysis.

The usual method to determine the gluon momentum distribution is to parametrize it at a given
Q2 and to evolve it with Q*. We have chosen the parametrization xG(x,Q3) = A+ N(1—x)T at
QZ = 5GeV?. A more complicated parametrization is not justified by the accuracy of our measure-
ment. The parameters A and » have been fitted together with A and with parametrizations of F,NS
and F,S. The results obtained with our two fitting programs are in good agreement and are given in
Table 2. The results for A agree with those of the nonsinglet fits. In next-to-leading order, we find a
soft gluon distribution which justifies the nonsinglet fits of Aggg discussed above. Systematic errors on
A and 1 have been evaluated as for the nonsinglet case.

Assuming the parametrization of xG(x,Q}) to be valid over the full x range, A equals the fraction
of the proton momentum carried by the gluons. When it is treated as a free parameter in the fits, we
find A ~ 0.5. This is compatible with what is expected from the momentum sum rule which we have
therefore imposed in the following analysis in order to constrain A. The results from such fits are given
in Table 3 and are in good agreement with those quoted in Table 2. We have also used the program of
ref. [18] to calculate for fixed values of 5 the x* of the comparison of measured and predicted logarith-
mic derivatives of F, in the same way as for the nonsinglet fits. These x?’s are shown in Fig. 3a and
exhibit different minima for the leading and next-to-leading order fits. A and 1 corresponding to these

minima coincide with the results given in Table 3. The comelation between 5 and A is shown in
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Fig. 3b and is weaker than observed in previous experiments. This is a consequence of the softness of
the gluon distribution and of the high accuracy of the data at large x where the effect of the gluons be-
comes negligible. The measured scaling violations are compared in Fig. 3¢ to next-to-leading order fits
for different values of # and show again very good agreement with the theoretical prediction for
n = 8.3. Higher twist cffects are thus not required to explain the scaling violations observed in our
data.

The gluon distributions in leading and next-to-leading order which correspond to the fits of Ta-
ble 2 are shown in Fig. 4. They are valid only in the range 0.06 < x < 0.30 since there are no F, data
at smaller X, and at large x the gluon distribution is too small to have a noticeable effect on the scaling
violations. Also shown in the same figure is the earlier EMC result [5] obtained in leading order for a
fixed value of A = 90 MeV.

A complementary method to determine the gluon momentum distribution consists in evaluating it
from the measured scaling violation in each bin of x separately. When the QCD mass scale parameter
is fixed, the gluon distribution is the only unknown function in the QCD evolution equation. It is es-
timated at each bin center x; individually by assuming a parametrization for xG(x,QF) at x 2 x;, which

we take to be
xGy(x,Q2) = (1 —x)/(1-x)F (x 2 x),

using only the scaling violations measured at x = x; and assuming Agyg = 220 MeV (see below). The
coefficients C; = x;,G;(%;,Q3) are fitted separately using the same value for {. This parameter is deter-
mined iteratively such that the x dependence of the fitted C;’s is well described by a parametrization
proportional to (1 -x)g. In next-to-leading order, the best agreement is observed for { = 11 as ex-
pected from the previous method. Assuming { = 9 (¢ = 13) decreases (increases) all Cj's by approxi-
mately 8%. The principal interest of this method lies in the reliable estimate of statistical errors. The
coefficients C; for { = 11 are shown in Fig. 4 together with the fits of xG(x,Q3) given in Table 2. The
dominant systematic error is due to the relative normalisation uncertainty, whereas the uncertainty on
Agrz has only a negligible effect. The total systematic errors, including the uncertainty on {, are typi-

cally half the statistical ones.
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The QCD analysis presented in this paper can be compared to the one performed on our earlier
measurement with a carbon target [3]. The kinematical domains used for the nonsinglet fits are almost

identical and the results for A are in agreement within statistical errors. They can be combined to give
Ag = 220 + 15 (stat.) + 50 (syst.) MeV

corresponding to a strong coupling constant
ag{Q? =100 GeV?*) = 0.1585 & 0.0025 (stat.) & 0.0090 (syst.).

The largest contributions to the systematic errors on the two measurements of Ags come from the
normalization uncertainties between data taken at different beam energies. These uncertainties are to a
large extent uncorrelated between the carbon and hydrogen experiments, thus allowing to reduce the
systematic error from this contribution for the combined result. The scaling violations measured with
the two different targets are compared in Fig. 2b to their respective QCD prediction for the same value
of Agy = 220 MeV. Different scaling violations in hydrogen and carbon are predicted by the evolu-
tion equation from the different x dependence of F, measured on proton and isoscalar targets. Such a
difference is observed in the data with a good statistical significance: the probability P(x?) of the car-
bon and hydrogen data to agree with their respective QCD prediction is 40%, whereas the combined
probability of the carbon data to agree with the hydrogen prediction and of the hydrogen data to agree
with the carbon prediction is less than 0.3%. We estimate the latter probability to increase to a few
percent when systematic errors are taken into account. The fact that different pattemns of scaling viola-
tion are compatible with a common value of Agsz is an additional confirmation of the remarkable
consistency between our data and the QCD predictions.

In conclusion, we find that scaling violations observed in our high statistics measurement of the
proton structure function F,(x,Q?) at high Q? are in quantitative agreement with predictions from
perturbative QCD. Nonperturbative effects are not required to explain scaling violations in the kine-
matic range of this experiment. The nonsinglet approximation and the complete singlet and nonsinglet
fits to the data give consistent results for Ajjg which are in agreement with our earlier result from a

carbon target. Combining these measurements, we obtain a value of Axs = 220 + 15 £ 50 MeV. The
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gluon distribution of the proton has been determined from singlet + nonsinglet fits in next-to-leading

order QCD in the range 0.06 < x < 0.30.
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Table Captions

Table 1:

Table 2:

Table 3:

Results of nonsinglet QCD fits to F,(x,Q?) in leading order (LQ) and next-to-leading or-
der in the MS renormalisation scheme. The data are fitted in the kinematic range
x > 0.275 and Q? > 20 GeV?; additional cuts on y are discussed in the text. Four quark
flavours are assumed in the QCD analysis. x5 is the x? of the direct comparison between

measured and predicted scaling violations (Fig. 2a). Only statistical errors are given.

Results of singlet + nonsinglet QCD fits to F,(x,Q?%) over the full x range of the data, in
leading order {LO) and next-to-leading order in the MS renormalisation scheme, without
imposing the momentum sum rule. Kinematic cuts are discussed in the text. A and » are
the parameters of the gluon momentum distribution which is chosen as xG(x) =
A+ D1 —x)". Four quark flavours are assumed in the QCD analysis. Only statistical

EIrors are given.

As Table 2, but imposing the momentum sum rule.



Test of QCD and a measurement of A

Table 1: Results of nonsinglet QCD fits to F,(x,0%).

Method Ao x%/DOF x%/DOF .Am x*/DOF x%/DOF
(MeV) (MeV)

Ref. [18] 178+22 180/198 7.8/5 208+22 177/198 '6.1/5

Ref. [19] 181+21 180/198 7.9/5 198+21 177/198 - - 4.7)5

Carbon o

target [3] 210+20 230+20

Table 2: Singlet+ nonsinglet QCD fits to F,(x,Q*) without imposing the momentum
sum rule. : -

Method Ref. [18] Ref. [19]

Al (MeV) 200 + 30 210 + 35

Ao (Q* = 5GeV?) 0.61 + 0.12 0.59 + 0.10

n o (Q* = 5 GeV?) 58+ 25 48 1 22

x*/DOF 254/268 257/269

x5/DOF 11.7/8 12.5/8

Axs (MeV) " 214 + 22 207+ 23

Az (QF = 5 GeV?) 0.62 + 0.20 0.58 £ 0.10

755 (Q% = 5 GeV?Y) 11.6 + 3.0 8.5+ 23

x*/DOF 256/268 256/269

x/DOF 8.6/8 10.7/8
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Table 3: Singlet + nonsinglet QCD fits to F,(x,0%), imposing the momentum sum rule.
Method Ref. [18] Ref. [19]

Ao (MeV) 215 + 27 216 £ 30

10 (Q* = 5 GeV?) 37+ 1.2 42+ 1.5

x2/DOF 257/269 257/270

x3/DOF 15.2/9 13.4/9

Ass (MeV) 224 + 21 212 21

g (Q? = 5 GeV?) 83+ 1.5 78 £ 1.5

x2/DOF 258/269 256/270

x2/DOF 11.4/9 11.5/9




Test of QCD and a measurement of A 11

Figure captions

Fig. 1:

Fig. 2:

Fig. %

Fig 4:

The structure function F,(x,Q?) using R = Rgcp for all beam energies combined. The

solid lines represent the singlet + nonsinglet QCD fit discussed in the text. Only statistical

errors are shown.

(a) The logarithmic derivatives dinF,(x,Q%)/dInQ? observed in this experiment at
Q? > 20 GeV? and x > 0.275. The inner error bars are statistical, the outer error barg
show statistical and systematic errors added linearly. The systematic errors are strongly
correlated. The lines show nonsinglet QCD predictions for Agg = 205 MeV and for two
other values of A.

(b) As (a), compared to carbon target resulfs obtained with the same apparatus [3]. The
QCD predictions are shown for a common value of Agg = 220 MeV. Only statistical
errors are shown. The systematic errors of the carbon data are very similar to those of the

hydrogen data shown in (a).

(a) The x? of the comparison of measured and predicted scaling violations as a function
of the exponent 7 of a gluon distribution xG(x,Q3) = A+ 1)X1—-x)7 at Q3 = 5GeV?
from flavour singlet + nonsinglet fits at leading and next-to-leading order.

(b) The dependence of the QCD mass scale parameter A on the exponent 7 of the gluon
distribution from the same fits as in (a).

{(c) The same as Fig. 2a, but for the full kinematical range of the data. The sin-
glet + nonsinglet prediction in next-to-leading order QCD is also shown for different ex-

ponents 7.

‘The gluon momentum distribution xG(x,Q3) in the proton at Q2 = 5 GeV?. The par-
ametrizations shown correspond to the results of the QCD fits in leading and
next-to-leading order from Table 2 and are compared to the earlier leading order analysis
from the EMC experiment [5]. Also shown is the gluon distribution determined in bins of

x as discussed in the text. No systematic errors are shown.
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