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The ratio of the structure function F~/F~ (x) has been measured in deep inelastic scattering of 274 GeV muons on hydrogen 
and deuterium targets exposed simultaneously to the beam. The results were obtained from 0.3 (0.6) million events from hydro- 
gen (deuterium) in the range 0.004 < x < 0.8 and l < Qz< 190 GeV 2. At x < 0.25 both the statistical and the systematic error is 
below 2%. Implications for parton distributions and for the trw/az production cross section ratio in Pl) collisions are discussed. 
When compared to other results obtained at lower energies, the data indicate a Q2 dependence of the ratio. 

In the par ton  picture the structure funct ion rat io 
F~/F~ is sensit ive to the rat io  o f  the up and down 
quark dis t r ibut ions .  Therefore,  F~/F~ puts strong 
constraints  on the f lavour  decompos i t ion  o f  the 
structure funct ions [ 1-7 ]. The par ton  dis t r ibut ions ,  
especially in the low x region, are widely used to cal- 
culate hard  scattering cross sections in pO, pp and ep 
collisions. However ,  the large systematic  errors in the 
previous  measurements  of  the F~/F~ rat io lead to 
large uncerta int ies  for the predic t ions  [ 8 ]. 

Previous  results on the rat io were ob ta ined  from 
the measurements  with electron beams  at SLAC 
[ 9,10 ] and with the high energy muon beam at CERN 
by the EMC [11] and the BCDMS [12] 
Col laborat ions .  

The New Muon  Col labora t ion  ( C E R N - N A 3 7 )  has 
per formed  a measurement  o f  deep inelast ic muon  
scattering on hydrogen and deu te r ium simultane-  
ously. F rom these measurements  the x-dependence  
of  the neutron to pro ton  structure funct ion rat io 
F~/F~ has been derived.  The results cover  the kine- 
mat ic  range o f  x = 0 . 0 0 4 - 0 . 8  and Q 2 =  1 - 5  G e V  2 for 
the lowest and  l 0 -190  GeV 2 for the highest x value. 
Here x =  Q2/2Mu is the Bjorken scaling variable,  M 
is the pro ton  mass  and - Q2 and u are vir tual  photon  
mass squared and energy respectively. Compared  to 
previous  measurements  the present  da ta  extend to 
lower values o f x  and have smaller  systematic  errors. 

The exper iment  was per formed  at the muon  beam 
line M2 of  the SPS at CERN.  The average incident  
muon  m o m e n t u m  was 274 GeV with an RMS spread 
o f  11 GeV and the integrated beam intensi ty was 
2.4 X 10 '2 muons. An upgraded version [ 13,14 ] o f  the 
EMC spect rometer  [ 15 ], shown in fig. 1, was used. 

In add i t ion  to the s tandard  trigger (T1) ,  which ac- 
cepts muons  at scattering angles larger than 10 mrad,  
a small-angle trigger (T2)  which extends the accep- 
tance down to 5 mrad  was implemented .  It selected 

target-point ing coincidences of  three hodoscope 
planes (H 1 ', H3 ' ,  H4 '  ) composed of  horizontal  strips 
with a width o f  1 cm. The central  strips were ex- 
c luded leading to a m i n i m u m  vert ical  muon  scatter- 
ing angle o f  5 mrad.  Due to the small  hor izonta l  ex- 
tension (50 cm for H4 '  ), only events with small  
horizontal  bending in the magnet were accepted. This 
removed events with y =  u/E, > 0.6 at the trigger level. 
Both triggers covered the small x region (x  < 0.4 ), the 
T2 events having smaller  Q2 and v. Higher  values o f  

x were obta ined  by the T 1 trigger only. 
The longi tudinal  vertex resolution, being inversely 

proport ional  to the scattering angle, was improved  by 
in t roducing a small  ( 14 cm d iamete r )  8 plane pro-  
por t ional  chamber  (POB) with 1 m m  pi tch and by 
upgrading the propor t iona l  chamber  PV1 from a 
4mm to a 2mm pi tch (see fig. 1 ). In order  to handle  
higher trigger rates, a beam spill buffering system was 
used allowing to buffer up to 1000 events during the 
2 s spill. The 12 s interval  between spills was used for 
event  bui lding and tape writing. 

In the free space (50 m)  behind  the exper iment  a 
beam m o m e n t u m  cal ibrat ion spectrometer ,  consist- 
ing of  a precis ion dipole  and propor t iona l  chambers  
with 1 m m  pitch, was installed. It al lowed a momen-  
tum de te rmina t ion  with a 0.2% accuracy. 

The target system consisted of  two sets o f  target 
pairs  which were al ternately exposed to the beam 
which had  hor izonta l  and vert ical  d imens ions  of  1.3 
cm and 1.0 cm RMS respectively. Each target cell was 
made  out  o f  a 10 cm diameter ,  3 m long mylar  cell 

filled with l iquid H2 or D2. The cell was conta ined  in 
a hard  paper  vacuum conta iner  of  30 cm diameter .  
The two target pairs  were identical  except for the se- 

quence o f  the target mater ia ls  (see fig. 1 ). By a lateral  
t ranspor t  mechanism ei ther  set could be moved  into 
the beam. Frequent  exchange o f  the two sets ( typi-  
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Fig. 1. The New Muon Collaboration spectrometer. The beam momentum calibration spectrometer located downstream of the apparatus 
is not shown. 

cally twice an hour)  min imised  the effects of  any t ime 
dependent  detector  response. 

Fig. 2, showing the longi tudinal  d i s t r ibu t ion  of  the 
reconstructed in teract ion vertices after k inemat ic  
cuts, demons t ra tes  the excellent separa t ion  o f  the 
events f rom different  targets. It can be seen that  the 
spec t rometer  acceptance varies strongly with the ver- 
tex posi t ion.  However ,  in the produc t  of  the counting 

rates, (ND/NH)upst . . . .  and  (ND/NH) a . . . .  t . . . .  both  
the acceptance and the flux cancel. Therefore,  the 
cross section rat io  was ob ta ined  for each (x, Q2) b in  
from 

m e a s  O'p NH upst . . . .  NH d . . . .  t . . . .  
(1) 

where x, the rat io of  the molar  volumes of  the D 2 and 
H2, was de te rmined  as 0.8664 (6) .  The uncertaint ies  
in the acceptance and flux normal isa t ion  were the 
impor t an t  sources o f  systematic  errors in previous  
exper iments  [ 11,12 ]. 

Da ta  were taken in three SPS per iods  of  17 days 
each during the years 1986 and 1987. This  represents  
about  ha l f  o f  the total  accumula ted  statistics at 274 
GeV. The descr ip t ion  of  the event reconstruct ion can 
be found in refs. [ 14,15 ]. Kinemat ic  cuts were ap- 
pl ied to remove events with large radia t ive  correc- 
tions, poor  k inemat ic  resolut ion or background from 
hadronic  decays. The following cuts were used: 
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p ~ > 3 0 G e V ,  x > 0 . 0 0 4 ,  f o r T l a n d T 2 ,  

0 > 1 0 m r a d ,  u > 1 0 G e V ,  f o r T 1 ,  

0 > 5 m r a d ,  u > 1 5 G e V ,  f o r T 2 ,  

where p~ and 0 are the scat tered muon labora tory  
m o m e n t u m  and the scattering angle, respectively. 
These cuts imply  Q2> 1 GeV 2 and y < 0 . 8 9  for 
E , =  274 GeV. No  cuts were appl ied  to exclude da ta  
close to the edges at the acceptance.  This  is jus t i f ied  
since the spectrometer  acceptance cancels in the cross 
section rat io  ( 1 ). The total  number  o f  events which 
passed the cuts was 222 000 (447 000) f rom H ( D ) ,  
for T 1 and 80 000 ( 172 000) from H ( D )  for T2. 

The rat io o f  the one-photon  cross section a~ ~ ~alp ~ 
was calculated from ( 1 ) after weighing each event  

with the corresponding radia t ive  correct ion factor 
a~v/a . . . .  . The radia t ive  correct ion factors for the H 
and D targets were calculated by using the method  o f  
Mo and Tsai  [ 16 ]. The calculat ions require the ab- 
solute structure functions F ~  and F2  d as an input.  
Both FE'S were de te rmined  from a fit to electron and 
muon scattering da ta  down to the threshold for reso- 
nance product ion.  With in  our  k inemat ic  range, how- 
ever, we de te rmined  F~ from the measured  rat io and 
the F2  d in an i terat ive procedure.  The result of  the 
i terat ions was found to be insensit ive to the start ing 
value o f  F d / F  ~. For  T 1 events the average radia t ive  
correct ion factor ranged from 0.64 (0.70)  for H ( D )  
events at x - -  0.007 to more than 0.90 for x >  0.1. Fo r  
T2 events the correct ion factor was about  0.80 at the 
lowest x. The resulting effective correct ion on the ra- 
t io was about  12% at x = 0 . 0 0 7  and was less than 1% 
for x >  0.1. The assumed 7% uncer ta inty  in the abso- 
lute normal isa t ion  o f  F a gives rise, through the ra- 
dia t ive  corrections,  to a systematic error  on the rat io 
o f  1.3% at the smallest  x and to less than 0.1% at 
x >  0.06. The assumed uncerta int ies  in the suppres- 
sion [ 9 ] of  the quasielastic electric (20%) and mag- 
netic (50%) form factors in deuter ium contribute 1% 
and 1.4% respectively, to the systematic error  on the 
rat io at the smallest  x and less than 0.1% at x >  0.06. 

In calculating the radia t ive  correct ions we have as- 
sumed the value of  R, the rat io of  the longi tudinal  to 
t ransverse polar ised v i r tua l -pho ton-nuc leon  absorp-  
t ion cross section, to be the same for H and D targets. 
Fo r  x >  0. I, this assumpt ion  is consistent  with mea-  
surements  [ 17 ]. As a consequence we obta in  

F'~/F~ _ _  ~ l ' y / ~ 1 " /  (2)  - - O d  l o p  • 

The F~/F~ rat io is def ined as 

F'~/ F~ =F~/  F~ - 1 (3) 

without  any correct ion for possible b inding effects in 
the deuter ium nucleus. In part icular ,  we d id  not  cor- 
rect for the smearing effect due to Fermi  motion.  
Current models [ 18 ] give insignificant corrections for 
x < 0 . 6 .  

The effects of  the l imi ted  spect rometer  resolut ion 
in x and Q2 (smear ing effects) on the rat io  F~/F~ 
were de te rmined  by a Monte  Carlo s imulat ion of  the 
exper iment .  The s imulated events were passed 
through the same chain o f  reconstruct ion programs 
as the real data. For  T1 events the smear ing correc- 
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t ion factor, averaged over  Q2, changes f rom 1.002 to 
0.995 for x varying between 0.007 and 0.55. Fo r  T2 
events the biggest smearing corrections factor is found 
to be 1.016 at x =  0.175. Fig. 2 shows the separa t ion  
of  different  target mater ia ls  seen in the beam.  The  
associat ion o f  events to the wrong target was esti- 
ma ted  f rom an ext rapola t ion  o f  the tails  o f  the vertex 
dis t r ibut ion.  The largest correct ion was 1%, at small  
x. The correct ion f rom a 3% H D  admix tu re  in l iquid 
deu te r ium is 0.3% (2%) at small  ( large)  x. 

The rat ios F'~/F~ were calculated in x and Q2 bins 
for each SPS per iod  separately and they were found  
to be mutual ly  consistent.  The results f rom different  
per iods  and different  Q2 bins were merged taking 
their  geometr ical  average [ 19 ]. 

The final results and  their  errors are given in table 
1 separately for each trigger. The weighted ar i thmet ic  
average of  the results f rom both  triggers is also shown 
in table 1 and fig. 3. The dominan t  cont r ibut ion  to 
the systematic  error  at  small  x comes f rom the uncer- 
ta int ies  in the radia t ive  correct ions  for deuter ium,  
whereas at high x it is due mainly  to the uncerta int ies  
in the beam (0.2%) and scat tered muon  (0.15%) 
momen tum.  The systematic  errors due to vertex po- 
si t ion smearing, H2 and D2 densi ty  and to target po- 
si t ion dependen t  reconstruct ion efficiency (due  to 
background hits in the chambers )  contr ibute  in total  
to less than 0.5%. The  total  systematic  error  has been 
calculated by adding  ind iv idua l  contr ibut ions  in 
quadrature.  The systematic error is seen to range from 

2% at small  x to 0.4% at x = 0 . 1  and to 8% at high x. 
In fig. 3 we also show the results from the BCDMS 

muon beam exper iment  [ 12 ] which covers a s imilar  
range in Q2. Our  da ta  extend to smaller  x and have 
significantly smaller  systematic  errors. They are in 
good agreement  with the BCDMS results in the re- 
gion o f  overlap.  The present  da ta  are also consistent  
with the early EMC results [ 11 ] (not  shown in the 
figure) within their  large systematic  errors. In this 
figure we also show the recently re-evaluated results 
from 1.6-20 GeV electron beam experiments at SLAC 
[ 17 ] which cover smaller  Q2 (0.6 < Q2 < 30 GeV 2) 
and have small  systematic  errors. F rom the observed 
difference between the present  and the SLAC results 
for x = 0 . 1 5 - 0 . 3 5  we obta in  an average slope of  
A ( F ~ / F ~ ) / A l n Q 2 = - O . O I 9  (4) .  Leading order  
Q C D  calculat ions made  using the formal ism of  
Abbot  et al. [ 20 ] predict  slopes between 0 and - 0.01. 

The present  measurements  extend below x - -0 .03  
to a region not  covered by previous experiments .  In 
this region, domina ted  by sea partons,  F ~ / F ~  de- 
pends also on the residual  valence par ton  dis t r ibu-  
t ion and on the amount  of  a possible f lavour sym- 
metry  breaking in the sea. At x = 0  the q u a r k - p a r t o n  
model  predicts  no contr ibut ion  from valence par tons  
to the structure functions. The sea par tons  of  differ- 
ent  f lavours are bel ieved to have the same coupling 
to the pomeron  which domina tes  the low x Regge be- 
hav iour  of  the v i r tua l -pho ton-nuc leon  cross section 
[21 ]. At  our  lowest x poin t  ( x = 0 . 0 0 7 ,  ( Q 2 )  =2 .6  

Table 1 
The ratio F~/F~ averaged over Q2. 

x Trigger 1 Trigger 2 Both triggers 

(Q2) F~/F~ trsu,,, asyst. (Q2) 
(GeV) 2 (GeV) 2 

F~/F~ o'~t~t, o',y~t. (Q2) F'~/F~ o,t~t, a~y~t. 
(GeV) 2 

0.007 3.1 0.990 0.021 0.023 2.0 
0.015 5.6 0.970 0.016 0.014 3.3 
0.030 9.2 0.935 0.014 0.010 4.2 
0.050 14.5 0.920 0.017 0.005 4.9 
0.080 18.9 0.857 0.014 0.003 5.5 
0.125 23.9 0.803 0.015 0.003 7.0 
0.175 27.4 0.709 0.017 0.003 8.2 
0.250 31.3 0.697 0.015 0.003 10.2 
0.350 35.5 0.572 0.019 0.004 13.6 
0.450 36.3 0.562 0.027 0.006 
0.550 36.4 0.529 0.037 0.011 
0.700 33.5 0.292 0.036 0.024 

0.986 0.022 0.023 2.6 0.988 0.015 0.023 
0.979 0.021 0.014 4.8 0.973 0.013 0.014 
0.943 0.019 0.010 7.9 0.938 0.011 0.010 
0.909 0.024 0.005 11.4 0.917 0.014 0.005 
0.863 0.021 0.003 14.9 0.858 0.011 0.003 
0.825 0.028 0.004 20.3 0.808 0.013 0.003 
0.879 0.042 0 .004  24.8 0.732 0.016 0.003 
0.700 0.044 0 .007  29.0 0.698 0.014 0.003 
0.723 0.096 0 .012  34.6 0.578 0.019 0.004 

36.3 0.562 0.027 0.006 
36.4 0.529 0.037 0.011 
33.5 0.292 0.036 0.024 
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GeV, ( u )  _= 200 GeV) the structure function ratio is 
already consistent with one, indicating the expected 
approach to symmetry between u and d partons in 
the sea for x~0 .  It is interesting to note that the real 
photon (Q2=0)  total cross section ratio ant°t/apt°t = 

tOt t o t  (a~ °~ - a p  ) /ap =0.898(15) at v= 16-18 GeV [22]. 
This significant deviation from unity was interpreted 
in terms of shadowing of real photons in deuterium 
[23]. Assuming no discontinuity between real and 
virtual photon cross sections the shadowing should 
also be present in virtual-photon-deuterium interac- 
tions at Q2==_ 0 and similar u. The fact that we do not 
observe shadowing could be due to either not reach- 
ing low enough x or being too high in Q2. 

Parton distributions have been extracted [1-7] 
from simultaneous fits to hard scattering cross sec- 
tion data. The present high precision data at small x 
constrain such parameterisations in the region where 
valence and sea partons have comparable eontribu- 

tions. The most recent fit [ 7 ], in which our prelimi- 
nary data [24] were also included, correctly de- 
scribes the shape of the F'~/F~ ratio in terms of 
parton distributions; see fig. 4. 

As indicated in refs. [7,8], precise data on F'~/F~ 
reduce the uncertainty in predictions for the aw/az 
production cross section ratio in Pl~ collisions. In par- 
ticular, at the Fermilab collider energy of ~ = 1800 
GeV the predictions are sensitive to the d /u  parton 
ratio at x=  0.05, which can be well constrained only 
by our data. Calculations [ 7 ] at this energy, based on 
our preliminary results [24 ], predict aw/az= 3.30 for 
three neutrino families. 

To summarise, the ratio F'~/F~ (x) has been deter- 
mined with high statistical and systematic accuracy 
down to x =  0.007. The results put strong constraints 
on the prediction of the parton distributions in a re- 
gion where the contribution from both sea and va- 
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Fig. 4. The ratio F'~/F~ (x) compared to the parameterisation 
(HMRSB) ofref. [7]. 
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lence  pa r tons  is impor t an t .  At  the  smal les t  x the  

F~/F~ ra t io  is close to uni ty;  the  shadowing  o f  vi r -  

tual  pho tons  in d e u t e r i u m  is no t  seen in the  p resen t  

k i n e m a t i c  range.  T h e  c o m p a r i s o n  o f  ou r  results  wi th  

those  f r o m  S L A C  in the  x - range  o f  0 .15 -0 .35  indi -  

cates a s t ronger  Q2 d e p e n d e n c e  o f  the  ra t io  than  tha t  

p r ed i c t ed  by l ead ing  o r d e r  pe r t u rba t i ve  Q C D .  

We wish to t hank  the  technica l  s ta f f  o f  C E R N  and  

o f  the pa r t i c ipa t ing  ins t i tu tes  for  the i r  i nva luab l e  

con t r i bu t ions  to the  expe r imen t .  T h e  c o n t r i b u t i o n  o f  

Dr.  J. Zmeska l  in m e a s u r i n g  the  i so topic  pur i ty  o f  the  

d e u t e r i u m  target  is grateful ly  acknowledged .  
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