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The dependence on the azimuthal angle between the lepton-scattering plane and the plane defined by the virtual pho- 
ton and the J/~ is calculated in a photon-gluon fusion model in which the J/~ is represented by the appropriate quark 
wave function. Our results differ substantially from models based on c~ production below charmed particle threshold thus 
providing a way to distinguish phenomenologically between these two models. 

The azimuthal dependence of the production of 
J /~  resonances by muon beams has been the object 
of recent theoretical and experimental investigations 
[1 -3] .  It has been emphasized [1,2] that this depen- 
dence provides a sensitive test of the photon-gluon 
fusion model [4,5] and, beyond this, of the spin-  
parity assignment of  the gluon. Because the pho t on -  
gluon fusion model has been criticized recently [6] 
(the cE is not in a color-singlet state and does not have 
JP = 1 - ) w e  have reanalysed the azimuthal depen- 
dence in a model, first proposed by Berger and Jones 
[6] for the photoproduction case, in which the J/ff is 
represented by the appropriate quark wave function. 
Our results for inelastic J/ff production by muon 
beams differ substantially from those of ref. [ 1 ], thus 
providing a way of distinguishing phenomenologically 
between the two models. 

Tile general form of the cross section we are inter- 
ested in is (see fig. 1): 
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Fig. 1. Deep inelastic leptoproduction of J/~0 resonance. 

do (p -  + p ~ p -  + J/~O + ...) 

dv dQ 2 dpj_ 2 d e  dz 

= A(1 + B cos qb + C cos 2~b), (1) 

where d9 is the angle between the lepton-scattering 
plane and the plane deFmed by the virtual photon 
and the J/~k (see eq. (I0)  below), Z is, in the labora- 
tory frame, the energy of the J/~b divided by the ener- 
gy of the exchanged virtual photon and p2 is the 
transverse momentum squared of the heavy resonance. 
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Fig. 2. One of the diagrams contributing to deep inelastic 
leptoproduction of the J/~0 resonance. There are five more 
diagrams corresponding to all possible ways of attaching the 
gluon lines to the quark loop. 

The model we are considering is described by the 
diagram of fig. 2. It has been shown [7,8] that this 
model provides a good description of the t-depen- 
dence and of the Q2-dependence (see ref. [3]). In 
the model the cross-section (1) is given explicitly by: 

do(#- + p -+ # -  + J/~b + ...) = 

dv dQ 2 dp 2 d~dz  

:rG(~)IglC/K(~ - + gl ~ /~-  + g2 + J/if) 12 
= ( 2 )  

64( 21r)S s2 z ( _ t  ) 

where s T is the total incoming energy s T = (ll + p)2 
and t is given by: 

- t = p 2 / z  - 02(1 - z ) + M 2 l ~ ( 1  - z ) / z .  (3) 

G(~) denotes the gluon distribution function inside the 
target particle, with 

= - t /2v (1  - z ) .  (4) 

The summation in (2) refers to spins and colours. The 
matrix element in (2) has the following general form 
(see fig. 2) ,1: 

c-~ (g- + gl ~ / a -  + g2 + J/~b) 

= (e/Q2)fi(12) 3'u u (11) T v %(J/~k). (S) 

When calculating the modulus squared of (4) we first 
take out constant factors corresponding to coupling 
constants and wave function at the origin: 

.1 Unless stated otherwise we use the notations of ref. [9]. 

[c/~(/a- +gl  -+#- +g2 + j/~)[2 
spins 

colour 

= (e2/Q4)CLuvI-Ivu,v , ( -gdv,  + p ju ,p jv , /M2) ,  
(6) 

where 

C = (202/30) (6art) 2 P(J ~ u+u -)M3J, 

ahd s, t and u correspond to the Mandelstam variables 
of the subprocess in fig. 2 and 

Hvu ,  v, = (64mc)-2 C u v o ~ , v , a O  

in the notation of ref. [9]. Luv is the tensor arising 
from the leptonic part of the amplitude: 

1 2 
Luv = lltal2v + l lul2v + 2 Q guy 

= ~(LuL v - QuQv + Q2guv),  (7) 

with L = l 1 + l 2. To calculate the specifically hadronic 
part in (5) we introduce the following gauge invariant 
decomposition, 

11~v,'v' ( -gu ' , '  + eJ#'PJ"'/g2) (8) 

+ ~4(gl/~g2v + gl vg2u ) '  (8) 

where the hatted quantities denote the following 
gauge invariant combinations: 

guz, =guy - QuQv/Q2' giu =giu - [(Qgi)/Q2]Qu " 

(9a,b) 

The explicit expression for ~ 1 '  ~ 2 '  ~3 and ~ 4  are 
determined from the diagrams in fig. 2 as being 

~1 = -(1/8D){ [t 2 + (s - M2)(M2j - u)] 2 

+ Q2t[2M2t + (3M 2 - Q 2 ) ( s _ M 2 ) ( M 2 - u ) / M 2 ] } ,  

(10a) 
~ 2  = - (1/4D)[(u  - Q2)2(M2 - Q2)+ 202t 2] , (10b) 

~ 3  = - ( 1 / 4 O ) [ ( s -  Q2)2(Mj2 - 02) t 2Q2t 2] , (10c) 

~ 4 = - ( 1 /  4D ) (M2 - 02) 

X [ ( s -  M2)(M 2 - u)(M2j-  Q2)/M2 + M 2 t ] ,  
(lOd) 

with 
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D=_(s_ M2)2(M~_ u)2(t_ M2 + Q2)2. 

In order to exhibit the azimuthal dependence, we 
choose, in the virtual photon-gluon center of mass 
system, the momenta of the particles involved as fol- 
lows: 

gl = [(s - Q2)/2x/~](1,0, 0, - 1 ) ,  ( l l a )  

g2 = [(s - M2)/2x/~I(1, -sin 0j, 0, - c o s  0 j ) ,  (1 lb) 

[s+QZ 0 s - Q 2 ]  ( l ie )  
Q=~2-2-~  ' 0 '  ' 2x/s 1' 

) = 2X/s ' 2 ~ - -  sinOj, O , ~  cosOj , 

( l l d )  
_ I s - Q 2 ( 1  +e l l /2  (_2Q 2 e /1/2 

L - [  2X/s [ ~ - e )  ' 1 - e l  cosqb, 

[ 2Q2 e '~1/2 . = s + Q 2 [ 1  +e~l/2] 
l_--S-~] s m w ' - - ~  ~1_-~) ) '  

( l l e )  

where e is the usual depolarization factor. 
Combining eqs. (6)-(9) and (11) we obtain for the 

dependence of the modulus squared of the matrix ele- 
ment: 

[c~(/a- +gl  ~ # -  +g2 +j/~)12 _e2C(-Q 2) 
spins Q4(1 - e) 

colour 

X {Zu + eZL + [2e(1 +e)]l/21Zicos q~+eZTcos2¢}, 
(12) 

where Zu, "", ~T are expressed in terms of the quanti- 
ties ~1  ..... ~ 4  introduced in eq. (8) in the following 
way: 

Zu = - ~ 1  + [ ( s -  M2)2/8s]sin2Oj~g3 , (13a) 

Y~L = ~1  -- [ (S-  Q2)2/4Q2] ~(2 

_~_Q-2 [Q2 _ u +2Q2t/(s - Q2)]2~3 , (13b) 

Z I = - [(s - M2j)/4(-Q2s) 1/2 ] sin Oj 

X {[Q2 _ u + 2Q2t/(s - Q2)]~  3 

+ (S - Q2)~4} , (13c) 

~T = I sin20j [(s - M2)2/s] ~ 3 "  (13d) 

In eqs. (13b) and (13c) the singularities I[Q 2 and 
1/x/-~ are actually artifacts of the gauge invariant 
decomposition of eq. (8) and after eqs. (10) are in- 

serted into eqs. (13b) and (13c), one can see that the 
artificial singularities cancel so that fmally one ob- 
tains 

~L ~ 02 ' E1 ~ (_Q2)1/2 . (14) 

These factors are of purely kinematic origin. This 
point is more easily seen in the helicity approach, 
which is described in detail in ref. [9]. Integrating 
eq. (16) of ref. [9] over the variables corresponding 
to the decay products of the heavy resonance one 
finds: 

~u - 84M21 x2,J, xx~[~ [HxzJ;Xl+ [ 2 , (15a) 

1 ~ [Hx2j;Xl ° [2 , (15b) 
Y~L - 84"'9m~ h2,J ,h 1 

1 ~] n~.2J;Xl+n~2J;hl_, (15c) S T - 84M2 x2,J, xl 

~I - 84M2 X2,j,X 1 Re(Hx2j;hl+H;2J;hlO) , (15d) 

where the s-channel helicity amplitudes Hx2j; x 11 are 
given in eq. (29) of ref. [9] and their expressions are 
given in table 1. X 1 and ~2 refer to the helicities of 
gluons gl and g2, respectively, while J and l refer to 
the helicities of the J /¢ and the virtual photon, respec- 
tively. The final results for the azimuthal dependence 
are identical to those of the previous approach. The 
advantage of the helicity approach is that the depen- 
dence of certain kinematical factors is now more ap- 
parent: by inspection of table 1 one immediately 
sees that 

~L ~ Q2, 

~T ~sin20j ~ 2 P± , 

~I ~ (-Q2)l/2sin 0j ~ (_Q2)l/2pj_. (16) 

Thus the coefficient of cos 20 goes to zero as the 
transverse momentum of the J/~ goes to zero, while 
the coefficient of cos • goes to zero both when Q2 or 
p2 goes to zero. 

The numerical results on B and C are given in fig. 3 
(real lines) where the integrals over v, p2 and z are 

• done under the kinematical constraints p21> 0.5 
(GeV/c) 2 and z ~< 0.95. From fig. 3 one sees that the 
coefficient of the cos • term is negative. For Q2 = 0 
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Table 1 
s-channel helicity amplitudes H h . j , h l  1 .  • . for the constituent scattering process, 7*g=. ~ Jg2, J being a heavy reconance (J = J/~p, 
T, ---). Entries are to be multiph~d by the common denominator I(s - M])(M] - u) (t - M] + Q2)]-1. 

H++;++ = H__;__ = 8 M j [ -  (s - Q2 _ M~) t(1 + cos o j) 

+ 2(s - M ] ) ( s  - Q2 + t) + 2t(Q 2 + t)] 

H**;._ = H__;_+ = 4M](s - M~)(s - Q2) sinZoj/s 
H**;_+ = H__;._ = 4M~(s - M~)(s - Q2) sin20j/s 

H++;__ = H__;++ = -8M] tQ2(1  - cos Oj)/s 
H+_;++ = H_+;__ = 4MjQ2(s  - Q2)(s - M~) sin20 j/~ 

H+_;+_ = H_+;_+= 4Mj(s - Q2)(s - M~)(1 + cos 0j) 2 

H._;_+ = H_+;+_ = 4Mj(s - Q2)(s - M 2) (1 - cos 0j) 2 
H+_;__ = H-+;++ = 4MjQ2(s  - Q2)(s -JMi) sin20/s 

H+o;++ = - H - 0 ; - =  = -8x/2 Q2 [(s - Q2)(s - M]) +M]t]  sin 0 j/x/S- 

H+0 ;+_= -H_ 0 ;_+ = 4~/r2 M] (s - Q2)(s - M ] ) s i n  0j(1 + cos 0 j)/x/~ 

H + o ; - +  = - H - o ;  +_ = - 4 ~ M ] ( s  - Q2)(s - M ] )  sin 0 j ( 1  - cos 0j) /x/ /$ 
H+ 0 ; - -  = - H -  0 ;++ = -8x¢/'2 Q2M~t sin O j/Nits 
H++;+ 0 = - g - - ; -  o = - 8 x / ~ M j ( - Q 2 / s )  1/2 [(s - Q2)(s - M])  +M~t] sin Oj 
H+-;+ o = - H - ÷ ; -  o = 4~/2Mj ( -Q2/ s ) I /2 ( s  - Q2)(s - M~) sin 0j(1 + cos 0j) 

H-+;+ o = -H+- ; -  o = - 4 ~ M I ( - Q 2 / s ) I / 2 ( s  - Q2)(s - M]) sin 0j(1 - cos 0j) 

/4-- ; .0  = -g .+ ;_0  = - 8 x / ~ g j ( - Q 2 / s ) l / 2 M ] t  sin 0j 
n+o ;+o = H-o ;-o = - 8  (_Q2)1/2 [(s - Q2)(s - M]) + 2M~t] (1 + cos 0j)  

H+O;- o = H-0;+ o = - 8 ( - Q 2 )  I/2 [(s - Q2)(s - M]) + 2st] (1 - cos 0j) 

u u u i l U l r l l  I u l I U l l I I  I I 

0.2 B 

0.0  ....-- - -  - -  --= 1 - ' . -  C 

- 0 . 2  . . . . .  

- 0 . 4  

- 0.6 

- 0 . 8  

- 1 . 0  I [ l l l i a i i  i i I i I I I I I  I I 

1 . 0  1 0 . 0  

. Q 2  ( G e V  z ) 

Fig. 3. The coefficient of cos ~ (B) and the coefficient of 
cos 2(I) (C) as a function of Q2, all other variables are integrat- 
ed over. The kinematical constraints z < 0.95 and p.~ ~ 0.5 
(GeV/c) 2 were applied on the integration region. The solid 
lines are for the vector gluons (QCD) and the dashed-dotted 
lines are for the scalar gluons. 

it must  be zero as was discussed above,  for increasing 

values o f  Q2 it decreases cont inuous ly  to reach - 0 . 3 5  

at Q2 = - 3 0  GeV 2. The coeff ic ient  o f  the cos 2ep 

te rm does no t  have a k inemat ic  zero for Q2 = 0 but  is 

always very small even for the largest values o f  Q2 

considered.  On this poin t  our  results disagree wi th  the 

p h o t o n - g l u o n  fusion mode l  considered in ref. [ 1] 

where a very large value for this te rm was found.  Ex- 

per imenta l  absence o f  a cos 2 ~  t e rm would  clearly fa- 

vour  the mode l  considered here.  Concerning the cos 

te rm,  we see f rom fig. 3 that  it will domina te  at large 

values o f  Q2 over the cos 2 ~  term.  In this po in t  our  

results are similar to  those o f  Leveflle and Weiler for 

the diffractive J / f f  p roduc t ion  process. Those authors  

found  a domina t ing  cos ep te rm for the elastic cross- 

section. We checked that  our results are no t  sensitive 

to  the precise value o f  the mass o f  the charmed quark.  

In our  calculat ions we took  m e ~ - M 2 / 2 ,  c h a n g i n g M j  
f rom 3.09 to  2.7 GeV/c  2, thus effect ively changing 

the charmed quark mass, modif ies  our  results for B 

by about  5% while C becomes  smaller by about  10%. 

For  compar ison we have also calculated the azi- 

mutha l  dis t r ibut ion in the scalar gluon model .  In this 
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case the corresponding ~ i  (i = 1 - 4 )  are given as fol- 

lows: 

c~ 1 = - ( 1 / 1 6 D ) M  4 

X [(M 2 - Q2)(M2 + Q2 _ t) + (s - Q2)(Q2 _ u)] , 

(17a) 

c~ 2 = (1 /16D)(M~ - Q2) 

X I(u - 02)2(3M 2 + 0 2 ) / M  2+ 402(M 2 - 02)1 , 

(17b) 

c~ 3 = (1 /16D)(M~ - Q2) 

X [(s - Q2)2(3M 2 + Q2)[M2 + 4Q2(M 2 - Q2)], 
(aVe) 

c~ 4 = (1 /16D) (M 2 _ Q2) 

X [ - ( s  - Q2)(Q2 _ u)(3M 2 _ Q2)[M2 + 4Q2t] , 
(17d) 

with 

O =- (s - M2)Z(Mj 2 - u)2(t  - M 2 + Q2)2 ,  

as before. The numerical results for B and C are in- 
cluded in fig. 3 (dashed-dot ted  lines). B is positive 
while C is negative and rather small in the scalar gluon 

case. 
The dependence on azimuthal angle would thus 

provide a phenomenological way of distinguishing be- 
tween the two versions of the gluon-fusion model. 

We would like to thank R. Baier and C. GSssling 

for discussions. 
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