
Measurement of Nucleon Structure  Function 

i n  Muon Scat ter ing a t  1 4 7  G e V / c  

H.L. Anderson, V.K. Bharadwaj, N.E. Booth, R.M. Fine, W.R. Francis,  

B.A. Gordon, R.H. Heisterberg, R.G. Hicks, T.B.W. .Kirk, G.I. 

Kirkbride, W.A. Loomis, H.S. Matis, L.W. Mo, L.C.  Myrian- 

thopoulos, F.M. Pipkin, S.H.' Pordes, T.W. Q u i r k ,  W.D. 

Shambroom, A. Skuja, L.J. Verhey, W.S.C. Williams, 

Richard Wilson and S.C. Wright 

Enrico Fermi I n s t i t u t e  and Department of Physics, The University of Chicago,  

Chicago, I l l i n o i s  60637, and High Energy Physics Laboratory and Depart- 

ment of Physics, Harvard University, Canibridge, Massachusetts, 

02138, and Department of Physics, The University of 

I l l i n o i s  a t  Urbana-Champaign, Urbana, I l l i n o i s  

61801, and Department of Nuclear Physics, The 

University of Oxford, Oxford, OX 1 3RH, ' 

England 
(RECEIVED 07 APRLL ~mb)  

f i s z 2 a T  

Results on the nucleon s t ruc tu re  function,  uWZ, a re  presented f o r  0 .2  - < q2 - < 50 
2 

(GeV/c) and 5 5 v 130 GeV. They were obtained by sca t te r ing  147 GeV posit-  

ive  muons ine l a s t i ca l ly  from a l iqu id  deuterium target .  
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I n  t h i s  l e t t e r ,  we report  the  r e su l t s  on the  nucleon s t ruc tu re  func- 

t i o n ,  vW , measured a t  Fermilab by sca t te r ing  2.1 x 10'' pos i t ive  muons of 2 
energy 147 GeV from a 1 iquid deuterium t a rge t .  Prel iminary r e s u l t s  f o r  vW2 

and some r e s u l t s  f o r  t he  d i s t r i bu t ions  of muo-produced hadrons from hydrogen 

have al ready been reported. (1 1 

I n  t h e  first Born approximation, the  d i f f e r en t i a l  cross  sect ion for  t he  

scatter. ing of muons of energy E t o  a f i na l  energy El through an angle e is 

r e l a t e d  t o  t h e  two i n e l a s t i c  s t ruc tu re  functions W1 and W2 by 
(2) 

2'- 2 where v = E-E', q - 2(EE1 - PP'cose - m, ). The r a t i o  of t he  i n e l a s t i c  s t ruc tu re  

2 2 funct ions  can be expressed as  W l / W 2  = (1 + v /q ) / ( I  + R ) ,  where R z uL/uT, the  

r a t i o  of  t he  photo-absorption cross  sect ions  f o r  the  longitudinal and t rans-  

verse  photons(3). The values of t he  nucleon s t r u c t u r e  function vW2 (w,q2) 

a r e  obtained by assuming R = 0.18(4', where w = 2 ~ v / q ~ ,  t he  Bjorken scal ing 

~ a r i a b l e ' ~ ) .  We propose t o  measure the value of R in  subsequent experiments. 

Figure 1 is a schematic drawing of the  apparatus. Posi t ive  muons of 

147 GeV/c s t r i k e  a 122 cm long, 17.8 cm diameter, l iqu id  deuterium t a rge t .  

The apparatus is t r iggered when the counter logic  condition B.X.G.M. is s a t i s -  

f i ed .  B s i g n a l s  t he  incident ,muon w i t h  no accompanying halo muon (vetoed by 
I I I \ I 1 

hodoscope V) .  N is  the  downstream beam veto, and G and M a r e  the counter hodo- 

scopes before and a f t e r  t he  2.44 m s t ee l  hadron absorber A. During most of the  

5 runs, t h e  muon beam in t ens i ty  was 7.5 x 10 uts /pulse .  The pion contamination 
- 6 of t h e  beam was measured t o  be l e s s  than 10 . The typical  t r i g g e r  r a t e  was 

4/pulse. The  incident muon t rack is reconstructed from the proportional cham- 

(Missing subsequent pages. Continues with page 4.) 



have been made using d i f f e r en t  t rackf  inding methods and d i f f e r en t  t r e a t -  

ments of the  background events. The r e s u l t s  a r e  i n  overall  agreement and 

the  differences  a r e  both s t a t i s t i c a l  and systematic i n  origin.  The average 

difference between the two analyses is  10% per point  i n  f igure  3, and the 

l a rges t  difference i s  26% a t  < w > = 800 which i s  a s t a t i s t i c a l  f luctuat ion 

of t he  difference i n  background subtract ion.  The average values a r e  re- 

ported here with e r ro r s  appropria te ly  increased. The systematic e r ro r s  vary 

from approximately 11% i n  bins w i t h  UJ < 5 t o  approximately 5% i n  the  high w 

bins. In addition there  is an overal l  normalization uncertainty of 5%. An 

empty t a r g e t  subtraction has been made using data where the t a r g e t  contained 

only deuterium vapor. 

The-radiat ive correct ions  were made by ca lcu la t ing  the  r a t i o  

i ne l  i n e j  quasi + e l a s t i c  
bR = 0 / (oradiated + ' 3 a i l  ' tai l  1 

where o ine l  jne' - is the  assumed i n e l a s t i c  sca t te r ing  cross  sect ion;  oradiated9 the  

quasi i n e l a s t i c  sca t te r ing  cross  sect ion with radiat ion e f f e c t s  folded i n ;  atail , 
e l a s t i c  t he  rad ia t ive  t a i l  from quas i -e las t ic  s ca t t e r ing  from the deuteron; otail  9 

the  rad ia t ive  t a i l  from e l a s t i c  muon-deuteron sca t t e r ing .  (6) The t r u e  cross 

sect ion was given by the  product of the  experimental cross sect ion and sR. 

The r e s u l t s  were compared with the input cross sec t ions ,  and i t e r a t i v e  correct-  

ions were applied un t i l  the  dif ferences  became negl igible .  The magnitude of 

t he  rad ia t ive  c o ~ r e c t i o n s  ranged from 0 t o  30%. 

2 The region of q and v covered by the  data is  shown in Figure 2. The 

limits have been chosen so t h a t  the  acceptance i n  the  ( q 2 , ~ )  region is greater  
2 than 10%. In addit ion the low q l i m i t  is s e t  so t h a t  t he re  is no s ign i f i can t  



contamination from pe scattering. It should also be noted that for w values 

of greater than 60, the kinematics and the apparatus acceptance limit our 
2 data to ranges of q which become rapidly'narrower and progressively lower 

as u increases. 

2 
Figure 3 shows V W ~ ( ~ ~ , U )  per nucleon as a function of q for various u 

values. The results show that, for u < 3, vW, decreases with increasing q 
2 

L 

(7) in agreement with muon scattering from an iron target at Fermilab and with 

the SLAC measurements at lower energy. 
(8) 

For 3 < u < 80, there are no gross 

violations of scalir~g for vN2. However, in order to make a test of any vio- 
2 lation we have taken all data in the ranges 2 < q2 < 50(GeV/c) and 3 < u < 80 

and fitted to the form (9) 

We find a = .072i: .038 for xL  = 16.9 for 23 degrees of freedom with wo = 6 
. . 

2 and qoZ = 3(GeV/c) fixed. This parameterisation for .-scaling violations is 

essentially the same, as far as the value of a is concerned, as that used by 

Chang et al. (7 )  for muon scattering from an iron target. They find a,= 0.099 

t 0.018for data in the range 3 < u < 50, 1 < q2 < 50(~eV/c)~. Scaling vio- 
(10) : 

lations of this nature have been predicted . 
2 In Figure 4, we plot vU2 averaged over the appropriate q range against 

2 o. The values of vW2 and their q range are given in Table I. The data show 

a decrease of vW2 for u > 60. One possible explanation of this behaviour is 

that the measurements of vW2 are not in the scaling region but rather indicate 
2 hat the onset of scaling is at q2 z 3 (GeU/c) . Lower energy measurements (11 

scaling at q2 ; 1 (G~V/C)~. 



An alternative explanation is that the data lies within the scaling 

region and vW2 decreases with increasing o. The decrease of vW2 at large 

o is predicted by a few specific models,'using valence quarks and an infin- 
(12) 

.ite sea of parton-pairs, as suggested by Kuti and Weisskopf , and by 

Altarelli et al. (I3) Regge pole models can also predict the same behavior. 
(14) 

There is no indication in these data of a threshold excitation of a 

new or heavy quark that would be signified by an increase of vWp at large - 

values of U. 
(15, 16, 17) 

The results permit an extension of -. the integration limit for evaluat- 

ing the sum rules involving vW2 using average measured values of vW2 

2 2 for q > 1.0 (GeV/c) . We obtain for the Gottfried sum rule (18) 

% = 1.38 + - 0.07 per nucleon 

!19) and for the Callan-Gross sum rule , 

p2:O 7 d" = 0.153 + 0.0 i5  per nucleon 
0 

- 
1 

We sincerely thank the Fermilab and the engineering staffs from Chic- 

ago, Harvard, Illinois, Oxford and the Rutherford Laboratory for their in- 

valuable contributions to this experiment. 



REFERENCES 

1. W.A. Loomis, et al., Phys. Rev. Letts; - 35 1483 (1975). 

L.W. Mo, Proceedings of the 1975 International Symposium on Lepton and 

Photon Interactions at High Enerqies, W.T. Kirk, Editor, p. 651, Stanford 

University, Stanford, California, 1975. 

2. S.D. Drell, and J.D. Walecka, Ann. Phys. - 28, 18(1964). 

.3. L.N. Hand, Phys. Rev. - 129, 1834(1963). 

4. 6. Miller, et al., Phys. Rev. D5, 528(1972). The latest results on R 

are given by E.M. Riordan et al., Report No. SLAC-PUB-1634, Stanford 

Linear Accelerator Center, Stanford, California (1975). 

5. J.D. Bjorken, Phys. Rev. - 179, 1547(1969). 

6. L.K. Mo and Y.S. Tsai, Rev. Mod. Phys. - 41, 255(1969). Y.S. Tsai, "Radiat- 

i v e  Corrections to Electron Scattering", Report No. SLAC-PUB-848, Stanford 

Linear Accelerator Center (1971). The elastic deuteron form factors were 

those defined by T.A. Griffy and L.I. Schiff, High Energy Physics, Vol. 1, 

p. 341, Burhop, Editor, Academic Press, .N.Y., 1967. The deuteron wave fun- 

ction was that given by R.V. Reid, Jr., Ann. Phys. - 50, 411 (1968). 

7. Y. Watanabe et al., Phys. Rev. Letters - 35, 898(1975); C. Chang et al., 

Phys. Rev. Letters - 35, 901(1975). 

8. R.E. Taylor, Proceedinqs of the 1975 International Symposium on Lepton 

and Photon Interactions at High Enerqies, W.T. Kirk, Editor, p. 679, 

Stanford University, Stanford, California, 1975. 



2 2 
; 9. The quant i ty  W2 (v ,  qo) was parametised using the form W2(v, qo) = 

4 5 a(l - x j 3  + B(1 - x) + y(1 - x) where x = l/w, giving a = 01746 

+ 0.007, 8 = 0.540 2 0.008, y =-0.997 2 0.009 and the e r ro r s  a r e  

high1 y correla ted.  

1 0  Wu-Ki Tung, Phys. Rev. Let ters  35 490 (1975). 

11. S. S t e i n  e t  a l . ,  Phys. Rev. - 012 1884 (1975). 

12. J. K u t i  and V.F. Weisskopf, Phys. Rev. D4, 3418 (1971). A modified K u t i -  

Meisskopf model is discussed by R. McElhaney and S.F. Tuan, Phys:Rev. 

D7 2267 (1973), and a l so  Nucl. Phys. 872, 487 (1974). - 

13. 6. A l t a r e l l i ,  N. Cabibbo, L. Maiani, and R. Petronzio, Nucl. Phys. 669, 

531 (1974). I n  this mcdel the  partons a r e  ins ide  the three quarks. 

14. F.E. Close and J.F. Gunion, Phys. Rev. 04, 742 (1971). 

15. Y. Nambu and M.Y. Han, Phys. Rev. - 010, 674 (1974). 

16. J.C. Pat i  and A. Salam, Phys. Rev. Let ters  &, 11 (1976). 

17. 6.3. Gournaris, E.K. Manesis, and A. Verganelakis, Phys. Letters - 596 

391 (1975). 

18. K. Got t f r ied,  Phys. Rev. Le t te rs  18, 1174 (1968). In evaluating t h i s  sum 

rule, the  r e s u l t  of integrat ion between l imi t s  of w from 1 t o  20 i s  taken 

f r o m  J .I .  Friedman and H.W. Kendall , Ann. Revs. Nucl. Sci. 2 203 (1972). 

19. C.G. Callan and D.J. Gross, Phys. Rev. Let ters  - 21, 311 '(1968). In eval- 

uat ing this sum ru le ,  the r e s u l t  of integrat ion between l imi t s  of w from. 

1 t o  20 i s  taken from J.I .  Friedran and H.W. Kendall, Ann. Revs. Nucl. 

SCi. - 22 203 (1972). 



TABLE I 

vw2 f o r  147 Gev/c Deuterium Data 
- - 

~~2 (per nucl eon) 

0.05 + 0.02 

0.15 + 0.02 

0.22 + 0.02 

0.27 + 0.03 

0.32 t 0.02 

0.31 + 0.02 

0.34 + 0.03 

0.34 t 0.03 

0.33 t 0.02 

0.30 + 0.02 

0.31 + 0.03 

0.33 + 0.03 

0.28 + 0.03 

0.27 r 0.02 

0.26 + 0.03 

0.22 t 0.02 

0.21 t 0.01 

0.17 + 0.02 

0.13 t 0.02 

9 - 50 

3 - 50 

2 - 50 

2 - 50 

2 - 30 

2 - 30 

2 - 15 

2 - 15 

2 - 15 

2 - 10 

2 - 6  

2 - 6  

2 - 4  

1 - 3  

1 - 2  

0.8 - 1.4 

0.4 - 1.0 

0.3 - 0.6 

0.2 - 0.5 

< w >  

1.7 

2.5 

3.5 

4.5 

6.0 

8.0 

10.0 

12.5 

17.0 

27.5 

40.0 

52.5 

70.0 

100.0 

140.0 

200.0 

320.0 

500.0 

800.0 
. 

w Range 

1 - 2  

2 - 3  

3 - 4  

4 - 5  

5 - 7  

7 - 9  

9 - 11 

11 - 14 

14 - 20 

20 - 35 

35 - 45 

45 - 60 

60 - 80 

80 - 120 

120 - 160 

160 - 240 

240 - 400 

400 - 600 

600 - 1000 
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FIGURE CAPTIONS 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Schematic layout of muon sca t t e r ing  spectrometer. 

SO, ~1 a r e  multiwire. proportional chambers; S2, 

S3. S4, S5, S6 a r e  multiwire spark chambers; B ,  

G ,  H ,  M ,  N ,  V a r e  counter hodoscopes; 1E4, CCM 

a r e  magnets; R, C ,  A a r e  absorbers. 

The kinematical region explored by t h i s  experiment. 

The lower shaded area contains no events because of 

t he  beam veto counter. Some acceptance contours a r e  

a l s o  shown. 

2 vW2 per nucleon a s  a function of q f o r  various u 

bins .  The open c i r c l e s  ind ica te  data measured a t  

SLAC by Riordan e t  a1 . (Ref. 4).  

2 vW2 per nucleon vs. w = ZMv/q . The open c i r c l e s  in- 
2 2 d i c a t e  q l e s s  than 2 (GeV/c) . 












