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1. In trod ucti on 

We are concerned with the properties of the cross section 

for the production of the W -boson in nucleon-nucleon collisions 
2 

as M .... oo , s .... oo and s/ M fixed, where s is the c.m. 

energy squared and M is the mass of the W • Although the 

behaviour of the cross section in this limit cannot be measured 

to know an asymptotic behaviour like that might bE: fruitful. In 

designing the corresponding experiment /
1

•
2

/ we must know some

thing .~bout the variation of the cross section with the mass of 

the W -boson which 

the closely related 

on the mass of the 

is searched for. The experimental data on 

p. -pair production /
3

/ and the lower limit 

W ( M ·~ 2.5 Gev) /
4

/ suggest that in the 

<~xpcriments this asymptotic region will be reached. 

It is known that the total cross section is dominated by 

the light-cone singularities as M 
2 

.... oo , s .... oo and s/M 
2 

fixed. 

In Section 2 it is shown that the differential cross section in 

en0rgy and solid angle of the secondary muon in forward direc

tion in the laboratory frame is also dominated by the light-cone 

sirW,I darities as M 2 ..... oo , s .... oo , E p. .... oo and s I M 
2 

, s/2 mE p. 

fixed. Here, E p. is the muon energy and m is the nucleon 

tn~lss. 

3 
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All the calculations which are done for the 

duction can be repeated with slight modifications. 

11 -pdir pro-

'I\'!e asymptotic behaviour is discussed in the model proposed 

by Altarelli, Brand; and Preparata /S/; by use of the autor·1odelity 

principle of the authors of ref. /
6

/ and the parton picture sugges

ted by Drell and Yan /? /. 
Section 3 describes calculations which are performed in the 

/B' 
model proposed by Berman, Levy and Neff 

1
• We predict an 

expression for the total cross section vvhich is a smooth function 

of s and M (see fig. 3). 

2. General Considerations 

We investigate the production of W -boson in interaction bf 

nucleons /
1

•
2

/ 

p + nucleon w+ L + + hadrons 
11 + v 11 • 

(1) 

This process is analogous to that of the interaction of hadrons, 

where a muon pair is produced /
3

•
5

•
6

•
7

•
8

•
9

/: 

p + nucleon- y* (virtual) + hadrons . 

L + -
.. 11 + 11 

(2) 

From the point of view of the experimental observations there is 

some difference between the two processes. The observation 

of the ( 11 + 11 - ) pairs is possible, therefore the cross section 

for the process (2) in the squared mass of the muon pair of a measu-

rable quantity. When producing a W -boson, however, only 

the 11 -meson can be observed; the total cross section as 

4 

1, J> 

function of the mass of the W -

Here, the differential cross sectic 

of the muon is measurable. 

The cross section for the 1 

G 
+ 12rr 8 I 2 2 <+> 

da = ll(q -M Hp.vW 

ys(s-4m 2
) 

where 8 is the branching ratic 

the weak coupling constant ( • 

- g IL 
11

( k k ') - i f IL 11 p cu k p k 'cu a 

<+> 1 
W p.v ( P t! P 2' q ) = 4 I fd 4 xe-tq> 

l!PID s 

p 
1

, p
2

, k, k ' denote the four-m 

(see fig. 1), M is the mass of 

leon mass and J < ± > ( x ) denotes 
IL 

of the hadrons. 

The total cross section ca 

a+ (s,M) = 
8'G f --===~-;;-

v2(2rr)
4 ys(s -4m2

) 

It is known, that as s .... "" 

a+ ( s , M ) is dominated by the 

singularities of the i;>(x) J~-> (1 

In order to determine the stren 

of the process ( 2) the authors < 

cal dimensions for the operator.: 

expansion / 10/ of the operator 1 



alculations which are done for the 

repeated with slight modifications. 

11 -pdir pro-

ptotic behaviour is discussed in the model proposed 

and; and Preparata /
5

/; by use of the autor'1odelity 

authors of ref. /
6

/ and the parton picture sugges-

d Yan /7
/. 

describes calculations which are p•:?rformed in th~, 

fa' by Berman, Levy and Neff 1, We predict an 

the total cross section which is a smooth function 

see fig. 3). 

2. General Considerations 

tigate the production of W -boson in interaction of 

+ nucleon w+ L + + hadrons 
11 +1111 • 

(1) 

is analogous to that of the interaction of hadrons, 

pair is produced /3 •5•6•7 •8 • 91: 

p + nucleon__. y* (virtual) + hadrons . 

L ... 11 ++ 11 - (2) 

of view of the experimental observations there is 

ce between the two processes, The observation 

) pairs is possible, therefore the cross section 

s (2) in the squared mass of the muon pair of a measu-

When producing a W -boson, however, only 

n can be observed; the total cross section as 

4 

...... 

~~.'1!'. 
\}' 
d 

_ ... ; 

function of the mass of the W -boson cannot be measured, 

Here, the differential cross section in energy and solid angle 

of the muon is measurable. 

The cross section for the process (1) is given as 

d u+ = 

G 
1277 8 d8k dak, 
:===I~= l3 (q2-M 2H#L ll w (+) #Lll-~------
v s ( s -4m 2 ) (2 11 )

8 
2 k J2 TT )

8 
2 k 0' 

(3) 

where 8 is the branching ratio of the decay w+ ->/l + VIL ' G is 

the weak coupling constant ( "'10 -
5 

m -~, f IL v = k IL k ~ + k v k ~ -

- g /LV( k k ')- i£ /lllpcu k p k ,cu and 

(+) ) 1 
w #LV ( p t! p 2' q = T 

-lqx (+) 
I fd 4 xe <p 1 p 2 in IJ IL (x)Jv(O)Jp1 p2 in>

0
{4) 

EJ>In s 

p 
1

, p
2

, k, k ' denote the four-momenta of the participating particle 

(see fig, 1), M is the mass of the W -boson, m is the nuc

leon mass and J C±>(x) denotes the corresponding weak current 
IL 

of the hadrons. 

The total cross section can be given as follows 

u+(s,M)= 
8'G d8 + 

1 f __ q_(_ q2 gllll + q#Lq ll) w #Lll (pl'p 2' q ).(5) 
ys(s -4m2 ) qo ..;2(277)

4 

2 2 
It is known, that as s .... oo , M .... oo and s I M = r fixed, 

u + ( s, M ) is dominated by the contributions of the light-cone 

singularities of the i;>(x) J~-> (0) operator product. (e.g. /
5

/). 

In order to determine the strength of the light-cone singularities 

of the process (2) the authors of ref, /
5

/ have assumed canoni

cal dimensions for the operators appearing in the light-cone

expansion /lO/ of the operator product of the electromagnetic 

5 
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j, 

...... 

current. To extract the functional forms in the other variables 

(than q ~ they utilized a multi- Regge model (see also /
9

/). These 

calculations can be repeated for the process (1), and we obtained 

for the total cross section the following form, in the given limit 

a+ ( s, M) 
4 2 

G M F 1 ( T ) + G M F2 ( T ) ' (6) 
s .... 00 

M
2 

--> oo 

T fixed 

where F 
1 

( r ) and F 
2 

( r ) are smooth functions. R. Brandt made 

some efforts to generalize the content of the eve hypotheses for 

the operator products of the currents, assuming U 02) symmetry 

for the light-cone expansion /
11

/. His result, however, cannot 

be used to relate the cross sections for the processes (1) and 

(2) witho...tt introducing any new parameter. (Using the CVC, a 

rough estimate of the matrix elements of the products ·-:lf the 

axialvector currents is given in ref. /
12

/). 

Contrary to the formula ( 6), the parton model /
7

/ and the 

principle of the automodelity /
6

/, predict for the cross sectiol'l an 

asymptotic expression as follows 

a+(s,M)---
s ... 00 

M2 ->.oo 

T fixed 

2 
GF (s/M ) . 

.B::>th the formulae (6) and (7) claim the remarkable fact that the 

total cross section for the process (1) as function of the mass 

(7) 

of the 1' -boson increases in the given limit or at least it is a 

smooth function in M 

In the experiments the differential cross section 
da 

dEll dO 

is measured, where E ll is lhe energy, 0 is the solid angle 

of the muon in the laboratory frame. For muon scattering in 

forward direction in the laboratory frame we find 
6 

I, 

't~, .• .J:., 

j
··. 

' 
I 

. 

' . ~ 

da 38G Ep 
---( fi=O,!'I,M,E p)= _ fdd 

V2 (2rr )4 ..Js(s-4 m2 
dEll d n 

Ev 
where r = -E-- , E v is the energy of the mv 

laboratory frcfme, and the range of the integrati• 

as 

M
2 

s + M
2 

-4m
2 

< r < 
4Epm- - 2mEp 

2 2) 
M (s -m _ -1. 

. 2 E2 
4m p 

The phase corres pending to r is as folloVIIS 

= ( 
s 

- 1 ) (1 -
M2 

) -!l r = r -r 
max min 2m Ell 2mE 

ll 

and becomes very small if r = s/ M 2 is near 

very energetic muons are observed. Therefore 

our considerations to the region T •> 1.5. 

Contributions to the differential cross se 

the axialvector-vector parts of the product of tl 

as well as from the vector-vector and axialvec 

On this account it is not clear whether the cor 

light-cone singularities in the given limit dominc 

tion (8) or not. Using some plausible assumptio 

however, it can be shown, that the differentia 

obtains the main contributions from the light-col 

well and that the interference between the axia 

can be neglected. 

The Fourier transform of the correspondh 

the current commutator is 

7 



o extract the functional forms in the other variables 

they utilized a multi- Regge model (see also / 9/). These 

can be repeated for the process (1), and we obtained 
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6
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"-+ OQ 

M2 -+.., 

r fixed 

2 
GF (s/M ) . 

ormulae (6) and (7) claim the remarkable fact that the 

f; section for the process (1) as function of the mass 

(7) 

W -boson increases in the given limit or at least it is a 

nction in M 

e experiments the differential cross section du 

dEll dO 

ed, where E ll is lhe energy, 0 is the solid angle 

on in the laboratory frame, For muon scattering in 

irection in the laboratory frame we find 

6 

~ 

"i! 
'll ,,, 

j
(:~: 

. 

. 
' 

' 

. 'i 

du 3BG Ep pv<+> 
--- ( 0=0,s, M,E p)= f dre pv W 

..,j2 (2rr )4 ..,js(s-4 m2 
(a) 

dEll d 0 

Ev 
where r = --- , E11 

Ell 
laboratory frame, and 

is the energy of the muon-neutrino in the 

as 

the range of the integration in r 

M
2 

s + M
2 

-4m
2 

< r < 
4Epm- - 2mEp 

2 2) 
M (s -m _ -1. 

. 2 2 
4m E p 

The phase corresponding to r is as follows 

!J. r = r max -r 
min 

s M2 2m 
= ( -1 ){1- ) - --

2mE 2mE E 
ll ll fL 

is given 

(9) 

and becomes very small if r = s I M 2 is near to unity and if 

very energetic muons are observed. Therefore we shall restrict 

our considerations to the region T •> 1,5, 

Contributions to the differential cross section (8) come from 

the axialvector-vector parts of the product of the weak currents 

as well as from the vector-vector and axialvector-axialvector purts, 

On this account it is not clear whether the contributions of the 

light-cone singularities in the given limit dominate the eros~ sec

tion (8) or not. Using some plausible assumptions given below 

however, it can be shown, that the differential cross section (B) 

obtains the main contributions from the light-cone singularities ns 

well and that the interference between the axialvector-vector pctrts 

can be neglected. 

The Fourier transform of the corresponding matrix element of 

the current commutator is 

7 
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--

( ) 
1 ~ J 4 -lqx [ (+) (-) ] 

W,v Pt,p2,q =-4 ~ d xe <pi p2in I J ,(x),Jv (0) IPtP2in >c 
r spin r 

(lOa) 

and 

(+) (-) 

WJ.LV <Pt•P2•q)= WJ.I.V (pl'p2 ,q)-WJ.I.V (pl'P2·-q ). (lOb) 

(±) W · (p 
1

, p 
2

, q) can be split up into a connected and into semi-con-

nected parts /6/. To the physical region of the process (1) the 

semi-connected parts of w'+l p1 , p 2 , q ) and the connected part 

of vJ-> ( p 
1

, p 
2 

, - q ) do not contribute. The semi-connected parts 

of w< -> ( p
1

, p 
2

, -q )however, may give contributions to the commutator 

matrix element in the physical region. It is known /
6

/, at the same 

time, that they can be neglected in the limit as s ... oo and 

M2 Is ... o 
N 

• If we assume that the contributions of these 

semi-connected parts can be neglected as M 
2 

.... oo 
, s ... oo and 

M 21 ·s fixed, as well, then we can use commutator of currents 

instead of their product. Using this assumption the formula (8) can 

be rewritten as follows 

da+ 2 4 -lqx 2 
(O=O,M ,s,Ep.)=constfdrfd xe f(x ,p 1x,p 2 x,s), (11) 

dEp. d 0 

where 
£(x 2 , ... )=0 if x

2 < 0. (11') 

Introducing new variables t = A + a z =a- A R= x2+ y2 

tg ¢ = y I X 
and performing the integration over ¢ we find 

8 

• 

1,; 
\ 
l,o 

"' 

00 

d a+ 2 
---- ( 0 = 0, M , s , E J.L)"' const f d r f d a d A f d I 

0 

dEJ.L d 0 

21E (l+r)A -l(a-.\ 
x e J.L e 

where J 
0 

( R M ) is the zero-order Bessel f 

(11') and (12) it follows that as s ... oo I 
2 

and u = s I 2 m E J.L , v = M I 2 m E p. fixed, the di 

gets the main contributions from the light-cor 

4 >..a> x2 where 

1 
I A I < 2 E J.L (1+ r ) 

2Ep. 
\(a-A)\< M2 

\.A a I < _!_ + + · 
s 

Performing similar calculations to those of 

f J.LV wJ.LV part Of the expression (8) we 

asymptotic form 

J.LV 
fp.vW E ... oo 

M~-+ oo 

q 2 s [ a 1 ( p ' p ' ) + ( u 2 + ..LJ a 2 ( p' 
v 

s-+OO 

u 1 V fixed 

where p = v I M 
2 • p'=v'IM2 V= I 

Neglecting the dependence on the variable 

following expression 

9 



I 4 -I X [ <+) (-) ] 
)=- l fd xe q <p 1 p 2 in I Jf!(x),Jv (O) lp 1 p 2 in >c 

4 spin 

(lOa) 

(+) (-) 

(Jit•P2•q)= Wf!V (ppJI:a ,q)-Wf!V (pJtJI:p-q ). (lOb) 

, q) can be split up into a connected and into semi-con

s 16 1. To the physical region of the process (1) the 
(+) 

cted parts of W ~ p1 , p 2 , q) and the connected part 

, p 
2 

, - q ) do not contribute. The semi-connected parts 

, p
2

, -q )however, may give contributions to the commutator 

ent in the physical region. It is known /
6

/, at the same 

can be neglected in the limit as s ... "" and 

• If we assume that the contributions of these 

2 
parts can be neglected as M .... oo , s ... oo and 

ed, as well, then we can use commutator of currents 

their product. Using this assumption the formula (8) can 

n as follows 

2 4 -lqx 2 
(0 = O,M ,s,E p) = const fdr fd x e f (x ,p 1x,p 2 x, s), (11) 

f(x 2
, ... )=0 if i <0. (11') 

new variables l = A + u Z=O'-A R= X2+ y2 

and performing the integration over ¢ we find 

8 

....... 

lid 
~ 
( 

"' 

du+ 2 
00 

2 2 
----(O=O,M ,s,Ep)"' constfdrfdud..\ f dR f (4u..\-R, ••• )J 0 (R·M)x 

0 
dEf! d 0 

2 
M 

-t<u-Al 2Ep , 
(12) 

21E O+rlA 
x e f! e 

where J 
0 

( R M ) is the zero-order Bessel function. From eqs. 

(11') and (12) it follows that as s ... "" , M 
2 

... "" , E f! ... oo 

2 
and u = s I 2m E f! , v = M I 2m E f! fixed, the differential cross section 

gets the main contributions from the light-cone singularities, namely 

4 Au> x2 where 

I..\ I < 
1 

2E/l(l+r) 
(13a) 

I (u-A )I< 
2 E fL (13b) 

Ma 

I . ..\ 0' I < _1 + 1 
s 'M2 

(13c) 

Performing similar calculations to those of ref. fsf, for the 

f /LV wf!V part Of the expression (8) we obtain the following 

asymptotic form 

f!V ----
f/LVW E -too 

M~-> oo 

q2s[at(p,p')+(u2+~Ja2(p,p')+ 1:: as(p,p')), (14) 

S->00 

u ,v fixed 

where p = v I M 2 • p'=v'IM2 V= p lq t V ',.. p2q • 

Neglecting the dependence on the variable 

following expression 

r , we find the 

9 
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da+ 2 4 
W=O,s,M ,Ell) ~ constM (u-1)0 -v)F(u,vL 

F ll ~"" (15) 
dEildn 

B ~ OC> 

M 2 -+oo 

u • v fixed 

3. A Model Calculation 

Finally we discuss a model proposed by Berman, Levy and 

Neff /B/ to predict the cross section for the process (2), We per

form a similar model calculation for the process (1) as well, The 

model consists of the evaluation of the Feynmann diagrams given 

in fig. 2. The purely strong high-energy interactions are taken in

to account by the exchange of a single neutral vector meson with 

its propagator modified so that it reproduces the high-energy elas

tic cross sections. This neutral vector meson has no weak interac

tions either. The weak interactions are introduced by pointlike 

vector-axialvector coupling (pnW), (We use spin - ~ kinematics), 

The main assumption of the model is that the contributions of the 

multiparticle final states are taken into account by utilizing point

like (nWp) vertex. Some arguments supporting this hypothesis are 

. . f /8/ : 
g1ven 1n re, , 

Performing .the integrations over the momenta of the final 

state hadrons, we find the cross section for the process 
+ . 

P + N ... W + N + N ' as 
-+p+v 

ll 

(16) 

10 

~ 

BG 2 8 
a <t >l!., __ d_j__ I s s+ 

np av --2-+--
S (2 rr ) 2 q O 2 V V · 

d a= 

4v 2 rr
3 

y 2 + s 2+ q 4 2 q 2 2 
+ +---le s+h· (s+q 2-f- v )+v 2 q 2 

sf 2 sf 4 

where f = q 2 -2 p 
2
q , ,. = S - 2 p I q 

a n P"' lO mbam, < t av > "' (300 MeV)
2 

is tr 

transfer in purely hadronic interactions, 

Neglecting the exponential factor as 

T= s/M2 fixed, the integration over q 

We find the total cross section 

BG 
+ M 2)"' .- 3 a · (s' 48 V 2 

17 

F (r, In s/4n 

where 

F(r,ln s/4m2 )= [2+ ..2. r-'_..!.r- 2 -2r-
8 
-3(r-

1
+ 

2 2 

+ .1.. (3 r- 1-6r- 2 + 8r-
8 

) In r + 
2 

( 
3 -1 3 -2 -8) ( + 4 1 + -r - -T -T In 1 - r 
4 4 

-6[(r- 1 + r- 2 )ln rlln 0-r-~ 

1 ( -1 -2 -8 
- -- 2 + 15 T -/8 T -11 T + 36 

12 

These asymptotic values of the cross sec 

figure 3, We can see that a+(s, M 
2

) va1 

wide range of the variables s and M • ~ 

reases logarithmically in s and M
2 

, re 

value is "' 3,10-
36 

cm
2 

if 8 = 0,4, 
11 



___ _, constM 4 (u-I)(J -v)F(u,v). 2 
s, M , E fL) 

(15) Ffl ->"" 

s -> 0() 

M 2 ...... oo 

u , v fixed 

3, A Model Calculation 

discuss a model proposed by Berman, Levy and 

ict the cross section for the process (2), We per

the process ( 1) as well, 'I'he 

of the evaluation of the Feynmann diagrams given 

high-energy interactions are taken in

of a single neutral vector meson \'\lith 

reproduces the high-energy elas

rneson has no weak interac-

e weak interactions are introduced by pointlike 

or coupling (pnW), (We use spin - ~ kinematics), 

model is that the contributions of the 

1 states are taken into account by utilizin.E!, point

Some arguments supporting this hypothesis are 

.the integrations over the momenta of the final 

find the cross section for the process 

+ N + N' as 
vfl 

(16) 

10 

__...., 

BG 
da= --=--

4v 2 1T
3 

a <t 
np 

M2 d3.9.._ 
>- ~--

av S (2 IT) 2 q 0 

s 
2:2-+ 

s+ q 2 

v + f 

\" 2 + s 2+ q 4 2 q 2 2 
+ 

2 
+--

4
-U s+fv (s+q 2-f- v )+v 2 q 2 ]le 

sf sf 

where f = q 2 -2 J1 
2
q , \" = S - 2 Jl I q 

+ 
v-q 2 +l-H . + 

sf 

m 2£2 

< t av> v <f+ v 
(16) 

a n P"' 10 mbam, < t av > "' (300 MeV)
2 

is the average momentum 

transfer in purely hadronic interactions, 

Neglecting the exponential factor as S->"" 
2 

M _, "" 

7 = s/M
2 fixed, the integration over q can be performed, 

We find the total cross section 

BG F ( r , In s /4 m 
2 

) , +. (s M 2) "' -2 IT 3 
a ' 48 V 

(17a) 

where 

F(r,ln s/4m2 )=[2+J!.r- 1 -~r-2 -2r- 3 -3(r- 1 +r- 2 )Jnrlln s/4m 2 + 
2 2 

+ ~. (3 r- 1-6r- 2 + 8r- 3 
) In r + 

2 

( 3 -I 3 -2 -8) ( -I ) + 4 I + -r - -r -r In I - r -
4 4 

-6[(r -'+ r- 2 ) In r] In (I- r-~ ) -

I (2 15 -1 .,.. -2 II -8 36 -3/2 36 -6/2 ) --- + T -1oT - T + T + T • 
12 

(17b) 

These asymptotic values of the cross sections are drown in 

figure 3, We can see that a+(s, M 2 ) varies very slowly in a 

wide range of the variables s and M • {It increases. and dec

reases logarithmically in s and M2 
, respectively), Its average 

value is "' 3,10-
36 

cm
2 

if B = 0.4. 
11 
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i 1,. 

We notice that we have found f'n s/4m 2 terms in 

addition to the , GF ( r ) scale term. These terms represent 

infra-red divergences as m -+ "" , Repeating the calculations 

of ref, /6 / we have found that for the process (2) In s I 4m
2 terms 

must also be present, which break the scale-invariant form 

d aj dq 2 "'q-4F (s/q 2 ). 

Considering that the differential cross section for muons, 

scattered in forward direction in the laboratory frame, is domi

nated by the light-cone singularities, this model predicts for the 

differential cross section smooth behaviour in E IL , M 

as well. 

and s 

The author is indebted to Professor R.M,Muradyan for 

suggesting these considerations and to Professors A.N. Tavkhe

lidze, S.M. Bilenky, S.B. Gerasimov, A. V, Efremov and V.A. Matveev 

for helpful com'llents and discussions, 
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