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In this paper, we present new results on the structure function
of the proton measured with high precision in deep inelastic scatter-
ing of muons on a hydrogen target. In the one-proton exchange appro-

ximation, the deep inelastic muon-proton cross section can be written
as ’
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where E 1is the energy of the incident beamg Q2,the squared four-mo-

mentum transfer between the muon and the hadronic system; and x and
y are the Bjorken scaling variables. Fz(x,Qz) is the proton structu-
re function and R = CYL/CFT is the ratio of absorption cross secti-
ons for virtual photons of longitudinal and transverse polarizetion.
The data were collected at the CERN SPS muon beam with a high-

~luminosity spectrometer which is shown in Fig.1 and is described in
more .detail elsewhere 1/. It consists of a 40 m long segmented toroi-
dal iron magnet which is magnetized close to saturation and surrounds
a 30 m long "internal® liquid hydrogen target. The iron absorbs the
hadronic shower after a few meters and the surviving scattered muon
is focused towards the spectrometer axis. The toroids are ingstrumented
with acintillation trigger counters and multiwire proportional cham-
bers. A 10 m long "external' target in front of the spectrometer mag-
net extends the acceptance of the apparatus to smaller angles, i.e.
to smaller values of x and Q2, than are accessible with the targets
inside the iron. Four hodoscopes along the spectrometer axis detect
the incoming muons and measure their trajectories., The momentum of the
incident muons is measured with a spectrometer consisting of en air-
-gap magnet and-another four scintillator hodoscopes upstream of the
apparatus, Results from a 8imilar measurement with a carbon target
have been presented earlier/™?

The analysis presented here is based on 2-106
events after all cute recorded with pogitive muon beams of 100, 120,
200 and 280 GeV energy. The kinematic ranges and data samples are
summarized in Table 1., The principle sources of systematic errors in

the data are uncertainties in:

reconstructed
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the calibration of the incideént beam energy ( AE/E<1,5-1072),
the calibration of the spectrometer magretic field

(AB/B < 24107°),

the corrections for the energy loss of muons in iron/4/,

the corrections for the finite resolution of the spectrometer
(a6/6 < 5.1072),

the relative  luminosity calibration (normalization) between
data taken at different beam énergies (1%),

the absolute cross section normalization (3%).
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Fig.1. Schematic view of the apparatus,

Most of the results presented in this paper, especially those on R
and on the comparison of scaling violations to QCD predictions, are
affected by the uncertainty on the relative but not the absolute cross
gsection normalization. A more detailed discussion of the treatment of
the systematic errors and of the calibrations undertaken to minimize
them can be found in ref./

The data analysis isalmilar to the one described in ref./e/. The
only difference is due to the additional external targets which were
installed after completion of the carbon target experiment. For events
originating from the internal targets, the geometrical acceptance is
greater than 65% and is rather flat in the kinematic region x>0.25
and Qz/zmm >0,15 where M is the proton mass, For events from the
external targets, the acceptance depends on the beam energy and on
the position of the interaction vertex along the beam direction,
Structure functions were therefore evaluated separately for the two
target regions, The background from target wall interactions was de-
termined from special empty target runs and was subtracted from the
data, At all beam energies, the data from external and internal tar-
geten were found to be in statistical agreement and were combined for

the subcequent analysis. Radiative corrections were applied using the

calculations of refs./S/. The error on FE(X,QZ) from uncertainties on
these corrections is estimated to be smaller than 1%.

R = G?L/EFT was determined by comparing the F, measurements at
different beam energies. F2 was first evaluated under the assumption
that R equals zero., R was then varied, and therefore Fz(x,Qz) va-
ried simultaneously according to eq. (1), such that the x? of the
four data sets with respect to a common phenomenological parametriza-
tion of the Q2 dependence of F2 ig minimized., This was done separa-
tely in each bin of x under the assumption that R 1is independent
of Q2, consistent with QCD calculations which predict only a weak
(logarithmic) variation of R with Q2

F(x,@)
R (X,Qz)= LA ,
ac (4+‘4M2x2/az)-F2(XIQZ)_FI:(X)Qz) (2)

where

.

1
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ig the longitudinal structure function and (XS(QZ) is the running
coupling constant of QCD. R cD is computed assuming a gluon momen-~
tum distribution xG(x,@2) = 5.5¢(1-x)"° at @ = 5 Gev® and a QCD
mass scale parameter A = 210 MeV. Equation (3) does not account for
effects of the charm quark mass which were included following ref./7{
The measurement of R and the QCD prediction are shown in Fig.2 to-
gether with earlier EMC data/s/ from a hydrogen target. At -x>0.25,
the measured values are small and are compatible with zero in agree-
ment with our carbon target measurementlz/. At small x, the data
show & rise compatible with the QCD prediction.

RQCD was used to compute the final structure functions at the
four different beam energies (Fig.3). The excellent agreement between
the different data sets in the region of large x constitutes a po-
werful cross-check of the spectrometer calibrations as is discussed
in more detail in ref. 2/. The final Fz(x,Qz) from the combined da-
ta sets is shown in Fig.4 together with the EMC datals/ and with the
SLAC-MIT results from electron-proton scaling at low Q2 /9/. The ag-
reement with the EMC data is poor especially at small x where the
F, measured in this experiment is larger by up to 22%. A gimilar trend
was observed in our measurement on a carbon target’ whic¢h indicated
a steeper x dependence of F2 than measured in earlier experiments.
A direct comparison to the SLAC data is more difficult since the ex-

periments cover disjoint ranges of Qz.
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-leading order, /\ﬁ =
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distribution xG(x) =
= 5.501-x)10 at
Q2 = 5 GevZ.

The data exhibit clear deviations from Bjorken scaling. -In the
framework of perturbative QCD/1O/, scaling violations are due td the
Q2evolution of quark and gluon distributior which can be described by
the Altarelli-Parisi equations 1 or can alternatively be expressed
through the Q2 dependence of their moments/12/. Higher twist contri-
butions to F2 from quark-quark interdctions which are not describ-
ed by ther QCD evolution equations are expected to vary like power se-
ries in 1/Q2 18 and are therefore unimportant over most of the 'Q2
range of the data.Furthermore, the data extend up to x = 0.75, thus
requiring only little extrapolation to calculate the evolution integ-
rals. Our measurement is therefore well suited for a precise test of
the evolution equations.

Several numerical methods have been developed to fit the predic-
tions of the evolution equations to the experimental data. We have

mainly employed two methods/14’13/

which have been developed within
our collaboration, They allow to fit the flavour singlet and nonsin-
glet ‘evolution equations both in a leading order (I10) perturbation ex-

’

pantion and in a next-to-leading order expansion in the MS renorma-
lization scheme. A short description of these programs can be found
in ref,
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Fig.3. The proton structure function Fz(x,Qz) for
R = RQCD measured at the - four beam energies 100, 120,
200 and 280 GeV. Only statistical errors are shown.

The experimental data shown in Fig,3 were used for the fits, ex-
cluding points with y<0.2 to reduce the sensitivity to spectrometer
calibration uncertainties, The QCD analysis was performed both in a
nonsinglet approximation and in a complete singlet and nonsinglet
treatment. The region of x2»0.275 was used in the nonsinglet appro-
ximation where the gluon distribution is ignored. This is Jjustified by
estimates of the gluon distribution from earlier muon/3’8'15/ and ne-
utrino scattering experiments/16’17/. Data points at Q2<:2O GeV2 we-
re excluded to further reduce the contribution of the gluon distributi-
on which becomes softer with increasing Q2 due to its QCD evolution.
The results of these fits are summarized in Table 2., We find good ag-
reement between the values of A obtained with/the different programs
and statistical agreement with fits to our carbon target data covering
/. Qur best estimate for the QCD

mass scale parameter at next-to-leading order is

a very similar kinematic range

/\M-—S = 210 ¥ 20 (stat,) MeV ,



corresponding to a strong coupling constant of

oAg = 0.157 £ 0,003 (stat.)

at Q2 = 100 Geve,
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Fig.4., The structure function Fz(x,Qz) using R = Ro.p,
for all beam energies combined, compared to the data from
the BC/%/ ana S1AC-MIT ¥ experiments. The SLAC-MIT

and EMC data are rebinned to the x wvalues of this
experiment; note that there are no SLAC data in the
lowest x bin. The relative normalization between

the experiments has not been adjusted, Only statisti-
cal errors are shown,

The detailed evaluation of the systematic error on A has not yet
been completed, but it is expected to be similar to that of our car-
bon target measurement (AA = 60 MeV (syst,) ) /2’3/. This systematic
error is mainly due to the relative normalization uncertainties bet-
ween the measurements at different beam energies. Since these are un-
correlated between the carbon and hydrogen target experiments, the
good agreement between the two indicates that the systematic error
may be overestimated.

Conventionally, A has been determined from global QCD fits to
Fz(x:Qz) which do not, however, constitute a sensitive test of Quan-

tum Chromodynamics. The xz 8 of such fits describe mainly their ag-

reement with the x dependence of F2 which js not predicted by the
theory. A more stringent test is obtained by comparing the x depen-
dence of the scaling violations observed in the data to the one expec-
ted from the QCD evolution. This is the only specific prediction of
perturbative QCD for deep inelastic scattering which can be tested
experimentally. In the nonsinglet approximation, this comparison de-
pends on N as the only free parameter whereas over the full x

range it is also sensitive to the gluon distribution. The nonsinglet
cage is shown in Fig, 5a where the logarithmic derivatives
dlan(x,QZ)/dan2 are compared to the next-to-leading order predic-~

tion for A s 210 MeV,
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Fig.5. (a) Scaling violationg observed in this experiment at
Q22>2O Ger expressed as logarithmic derivatives dlan(x,Qz)/
/danz, ag a function of x, The errors are statistical only.

The lines show nonsinglet QCD predictions for /\ES = 210 MeV

corresponding to our fit with the method of /137" (x?/DOF=3.8/5),

and for two other values of A .

(b) As (a), compared to carbon target results from the same expe-

riment .

The logarithmic derivatives in Fig., 5a are the slope parameters
of straight line fits 1InF, = a - an2 + b to the data, To calculate
the theoretical predictions shown in the same figure, the results of
the QCD fit Fé were assigned at each (x,Q°) point the statistical er-
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ror of the correspondlng experimental P2. The logarithmic derivatives
dlan/dan 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 experimental and the predic-
ted Q2 evolution. The measured x dependence of the scaling violati-
ons in Fig. 5a is in agreement with the predicted one within statisti-
cal errors (xz/DOF = 3.8/5). In Fig. 5b, the scaling violations are
conpared to the measurement of ref. . The data show a difference
e between proton and carbon target which is consistent with the QCD pre-
diction 'and is due to the steeper x dependence of F, measured on an
isoscalar target.

Table 1: Thez data sample
Beam energy Q? range X range Number of .
(GeV) (GeV?) events
100 7- 80 0.06-0.8 570 000
120 8-106 0.06-0.8 420 000
200 16-150 0.06-0.8 800 000
280 26-260 0.06-0.8 190 000 J
Table 2: Results of nonsinglet QCD fits to F,(x,Q%) at x 2 0.275 and
Q% 2 20 GeV?
ALO x}/DOF A_\_{‘S' x3/DOF
) (MeV) (MeV)
Ref. [13] 182+ 20 165/180 21122 169/180
Ref. [14} 184+ 20 1707180 201£20 168/180
Carbon
target (3} 210+20 230420
Table 3: Results of singlet + nonsinglet QCD fits to F;(x.Q%) at x 2 0.07 and
Q? > 10 GeV?
ALO L0 x?/DOF AV e x*/DOF
Method (MeV) (MeV)
3 Ref. [13] 196+ 19 S2+1.5  281/282 214+ 19 10.3+1.5 282/282
Ref. (14} 183425 54413 269/277 195£20 89+15 270121

—— . .
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For the QCD analysis over the full x range of the data, the pro-

ton structure function is decomposed into a singlet (S) and a nonsing-
let(NS) part as/10/

F,(x,Q%) = 2/, g7, 5 (x,0%) + 1/ 7,%(x,%),

- (4)
where F NS and Fzs follow different Q evolutions, All data points
at Q >10 GeV2 are used 1n these fits, The gluon momentum distribution
is parametrized as xG(x, Q ) =A(7 + 1) - x)7 at Q° = 5 GeW and
is allowed to evolve with Q . From the energy-momentum sum rule, A
equals the fraction of the total proton momentum carried by gluons

and is found to be A = 0.45 at Q° = 5 GeVe,

We have adopted two different approaches to determine the para-
meter Z from the measured scaling violations. In the . first method,
the program of ref. 13/ was used and the nonsinglet part of F2
(F2NS =(u+U-d-4d) ) was constrained experimentglly using preli-
minary results on the deuterium structure function from our experi-
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Pig.6. (a) The x? of the comparison of meagsured and pre-

dicted scaling violations as a functiop of_7 for leading
and next-to-leading order fits.

(b) The QCD mass scale /A as a function of the power
7 ofa gluonzdistribution xG(x,Qg) =<A(7 + 1)1 - x)?
at Qg = 5 GeV® from flavour singlet+nonsinglet fits at
leading and next-to-leading order.



ment/19/. The effect of the charm threshold is small but was taken in-
. N\ was fltted together with pa-
rametrization of the singlet part of F, fér fixed values of Q . Por
each value of Q the x? of the comparison of measured and fitted
scaling violations was determined in the same way as for the nonsing-
let fits discussed above. These X?’s are shown in Fig, 6a and exhibit
different minima for the leading and next-to-leading order fits. A
and 7 corresponding to these minima are shown in Table 3., The results

to account using the method of ref.

for /A are in good agreement wi:th those of the nonsinglet fits. The
correlation between 7 and /\ is shown in Fig. 6b. In next-to-leading
order, we find a very soft gluon distribution which explains the weak

dependence of A on Q and Jjustifies a posteriori the nonsinglet
fits of A‘- dlscussed above. The measured scaling violations are
cempared in Flg. 7 to next-to-leading order fits for different values
of 7 and show aggin very good agreement with the theoretical predic-

tion.

© BCOMS H, (Q’>10GeV')
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Fig.7. Scaling viola-

tions observed in this
experiment at Q2>1OGeV?
expressed as logarith-
mic derivatives

dln F,(x,0%)/d1n@The
errors are statistical
only. Also shown are
combined singlet+nonsing-
let predictions in next-
to-leading order. QCD for

n=6
n=10

n=17

different powers i of a
gluon distribution pa-~
rametrized as xG(x.Q2)=
=A(p+ 1) (1-x)7 at QZ=eV?
The fits with Q=6,1O
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= 239,213 and 200 MeV,
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For the second method, we use the program of'refc
let and nonsinglet parts of F2 are parametrized separately and fit-
ted to the data together with A and q . The results are also given
in Table 3 and are in good agreement with the first method.

The gluon distributions in leading and next-to-leading order are

* Yhe sing-

shown in Fig. 8 together with the earlier leading order EMC result
from proton target data
0,06 £ x €£ 0,30 since there are no F2 data at smaller x and at

. They are valid only in the range

large x the fit becomes insensitive to the exponent 7 of the para-

metrizatione. A —  E—
— BCOMS NLO
— — — BCDOMS LO
\ - —— EMC LO
Pig.8. The gluon momen- ir \ 0% =5 GeV?

tum distribution in the
proton determined in
leading and next-to-
-leading order QCD from
this experiment, compa-
red to the earlier
leading order analysis
from the EMC /8/ expe-
riment. No statistical 1

x G (x)

or gystematic errors
are shown.

J 1
0 0.1 X 0.2 0.3
In conclusion, we have presented a new hlgh statistics measure-
ment of the proton structure function W, (x,Q ) from deep inelastic

muon scattering at high Q on a hydrogen target., R = I‘/CS' . deter-~
mined from these data is in good agreement with predictions from per-
turbative QCD, From flavour monsinglet and from combined singlet and
nonsinglet fits, we find a QCDmass scale parameter AEE = 210 ¥ 20 Mev,
The scaling violations observed in the data are in quantitative agree-
ment with QCD predictioné, ghowing that this determination of A is
based on an excellent overall description of the data by the theory.
The gluon distribution has been determined for the first time from
singlet fits in next-~to-leading order QCD and isg found to be signifi-

cantly‘softer than in leading order.
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BeuBenytu A. u Op. E1-87-689
H3mepeHne cTPYKTYPHOH GYHKUMH IIPOTOHA C BBICOKOI
CTATHCTHYECKOH TOUHOCTBIO M mpoBepka KX/
C TNOMOUBK TJIYOOKOHEYNpPYyroro paccesHHUsT MIOOHOB
npu 6onbuux Q

[lpuBeneHsl MpefBapUTeNIbHbEIE De3YIIbTATH H3MEDeHHs CTPYK-—
TYPHBIX QYHKUMH NMpPOTOHA F2(x,Q2), a takxe R = GL/OT. Pe-
3YyJIbTATH MOJIYUEeHb B ONBTAaX MO IIIYyGOKOHEYNPYTroMY paccesHHI0
MIOOHOB Ha BOOOpOde Ha 60JIbIIOM CTATHCTHYECKOM MaTepHase.
Ins ananmusa NaHHeX Gpu10 OoToGpaHHO 2-106 coOrTHH, 3aperucT-
PUpPOBaHHbX mpu sHepruax 100, 120, 200 u 280 I'sB, koTopsie
NpUHAaAJIeXaT KuHeMaTHdeckod obmactu 0,06 <x< 0,80 u
7 F3B2§1Q2 <260 I'sB2. BumosiHeHO cpaBHeHHe HabinaeMbx Ha-—
pPYWIeHHI CKeNNHHra c npeackas’aHusaMu Teopuu KX, B xXome Ko-—
TOPOTO 0OKasajioCh BO3MOXHbIM ONpenesuTb MacmrabHbll epaMeTp
KXI A u onenurs pacrnpefielleHHe IJIWOHOB B IIPOTOHe.

(IpenpunTt Oﬁmzenmimuoro HMHCTHTYTa ANepHbIX HccrenoBaHui. JJy6ua 1987

Benvenuti A.C. et al
A High Statistics Measurement of the Proton
Structure Function and Tests of QCD from Deep
Inelastic Muon Scattering at High Q2

. We present preliminary results on a high statistics
measurement of the proton structure functions Fgy(x,Q%)
and R = oL/o measured in deep inelastic scattering of
muons on hydrogen. The analysis is based-on 2-10% events
after all cuts recorded at beam energies of 100, 120, 200
and 280 GeV and covering a kinematic range 0.06 < x <0.80
and 7 GeV2< Q% <260 GeV2. Scaling violations which are
observed in the data are compared to predictions of per-
turbative QCD. They allow to determine the QCD mass scale
parameter A and to estimate the distribution of gluons in
the proton.
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