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ABSTRACT 

We consider the photoproduction of charged intermediate vector 

bosons W+ or W- with an arbitrary anomalous magnetic moment 

Ke/2MW. The cross sections at high energies are shown to increase 

logarithmically with s/M& except for the case K = 1, where a constant 

cross section equal to fly GF is reached. The deep inelastic photo4 

production of W* is calculated in a quark-parton model and we present 

numerical results for the total and the differential cross sections. 
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I. INTRODUCTION 

The prime target for the next generation of accelerators will be the 

production of weak intermediate vector bosons, Since gauge theories 

predict rather large masses for these particles, the energy required for 

their production is beyond existing accelerators but well within the energy 

range of machines planned for the near future (e. g. ISABELLE’). This 

expectation has led to an increase in theoretical calculations of W* and 

Z. production processes. Proton-proton or proton-antiproton colliding 

beams are particularly promising because theoretical calculations 2,3 

predict o = 10 -34cm2 . Electron-positron colliding beams also are very 

suitable because the cross section for pair production of charged bosons 

is calculated4 to be around 10 
-3 5cm2 

0 

In this paper we consider the photoproduction of a singk W+ or 

W- off a nucleon target. Experimentally it will be difficult to obtain the 

high energy photon beams required for the production of a massive W, 

and a colliding y - P facility may be the only way to achieve the necessary 

center-of-mass energy. Should such a facility become possible in the 

future, the numerical results presented here will be useful to the exper- 

imentalists looking for the reaction 

y+p- ti +x* (i) 

Much of the present work, however, is theoretically oriented, and 

motivated by the following simple observation: it is well-known that 

certain production cross sections behave badly at high energies, 
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reflecting the non-renormalizability of the theory, unless new particles, 

fermions or bosons, are introduced. For example, the weak neutral 

current in the Weinberg-&lam theory 5, 6 regularizes the high energy 

behaviour of the amplitude for eS + e- 3 W+ + W-. However in reaction 

(i) there are only three basic diagrams (see Fig. 1) no matter what the 

underlying theory is. Our first aim is therefore to calculate the cross 

section for this process in the very high energy limit. 

The second aim of this paper is to explore the possibility of measur- 

ing the magnetic moment of the charged boson. This turns out to be an 

important property of the W bosons for the following reason: though in 

principle the W can have a magnetic moment (I + K)e/2MW with any 

7 value of K, the Weinberg-Salam model fixes the value of K uniquely 

to be K = &. By studying the differential and the total cross sections one 

may extract the value of K (Ke/2MW is usually referred to as the anomalous 

magnetic moment of the W). Since the weak charged currents have been 

extensively studied the couplings of the W to the quarks and the leptons 

are very well known. For the Feynman diagrams shown in Fig. 1 the 

only unknown coupling is K; 

We shall briefly review earlier work on the photoproduction of W. 

The inelastic photoproduction of single Wt bosons was considered8 

using crude parton distribution functions and for K = 0 only. The elastic 

reactions y +P +W’+n and y+n -+ W-+ P were considered in detail by 

Fearing et al? who discussed the question of gauge invariance including -- 
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form factors. Earlier work on these elastic reactions by Reiss and Cha 10 

and by Williamson and Deck 11 concentrated on relatively low center-of- 

mass energies. Fearing et al. also derive the high energy limit of the -- 

total cross section. However when simplified for the case of an elemen- 

tary target, their expressions do not agree with our result. 

In Section II we consider the elastic photoproduction of W”. We 

have included no form factors but we have let the charge of the target be 

a variable number Q, in units of e, because our plan is first to get the 

high energy behaviour of the total cross section off a point target, 

second to use our formulas to calculate the inelastic photoproduction of 

W+ or W- in a quark-parton model,, This is done in Section III, where 

numerical results are presented for different values of K. Finally, we 

discuss our formulas and make a number of comments and conclusions 

in Section IV;- 

II. THE ELASTIC PHOTOPRODUCTION OF SINGLE W BOSONS 

A. The Amplitude and its Square 

In this section we consider the reaction 

y(k) + q(p) + W*(kl) + q’(p’) , (ii) 

where q, later to be identified with a quark, stands for a structureless 

target of charge Qe, Wherever possible we shall drop the masses m 

and ml of q and qr since we are interested in reaction (ii) only at very 

high energies. 
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The basic amplitude corresponding to the three Feynrnan diagrams 

of Fig. 1 is given by: 

A +(Q) = ieg e’ (k) E*@ (k’) %p’) 
W 

-Qr+ i-p) + (Q - 1) rw (P’) 

6 

+ 2kY k’ C 
-Zk;&+ (i+K)(g km -g 

l-‘.Q6 t-‘Jj ka) 
II 

(1 - Y,) U(P) 9 (1) 

where g is the semiweak coupling constant equal to 
MWflF 

- -p- 
cos Oc and to 

and strangeness changing MW’GF 
2*/4 

sin Oc for strangeness conserving 

transitions respectively. The E’ are polar ization four-vectors satisfying 

kpcr;(k) = k’/(k’) = 0. F .is defined as 
QY 

F,+(P) = Y, j& Yp = 
Y,W)Y, 

72pek ’ (2) 

A is the amplitude for the photoproduction of W*. To obtain 
Wf 

A from A the following should be done: the charge factor Q - 1 
W- W+’ 

multiplying the second term in Eq. (1) must be replaced by Q-t 1, and the 

sign of the third term in Eq. (1) should be reversed. The net result can 

be expressed by 

A (Q) = - A (-&I . (3) 
W- W+ 

We now square the amplitudes A 
W*’ 

average over the initial spin 

si and photon helicity A , and sum over the final spin s 
Y f and boson 
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helicity b, to obtain 

cc 1 t[Aw*i2= $ (A) e2g2TR(K,+Q,s,t). 

s. x 
1 Y Sf 

(4) 

The calculation of TR requires taking traces of y-matrices and is 

rather lengthy but straightforward. The result is: 

tM2 
TR(K, Q, s, t) = - 16 (Q - 1)2 t -16Q’; -32Q(Q-1)x su 

(&4)/u - s Q/ I[ 2tM; -(i+K)SU /(n/r;- t) - 8 -$ 1 
MW 

+ 8 2s(s+t)/M; + (i+K) (t - (s+t)2/M;) 1 /(M; - t) 

- 2 8s2 -IbtM;- 4 (i + K) S2 (1 +t/M;) + (1 +K)2 (4SU 

+ (s2+u2) t/M;)]/(M; - t)2 . (5) 

The notation in Eqs. (4) and (5) is standard: s = (p + k)2, t = (k - k’)2, and 

u=M 2 
W 

-s-t. 

As discussed in the remainder of this paper, TR,(K, Q, s, t) is the 

basic function which enters all our calculations. It represents the square 

of the sum of the three Feynman diagrams Fig. 1 (a)-(c), for the case 

when the initial massless quark has charge Q and the final massless 

quark has charge Q - 1 or Q+ 1 depending on the charge of the emitted W. 
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We have tried to further simplify Eq. (5) by considering a few 

special cases. In all cases the result was almost equally complicated. 

Only for the case K = 1 an exceptionally simple expression was obtained: 

TR(l,Q,s,t) = -16 s2+uZ+2tM2 w I > su 0 (6) 

B. The Elastic Cross Section 

The differential cross section for the elastic photoproduction of 

W* is 
dz= w 

? 

dt - TR (~,fQ,s,t) . 
16s2 

(7) 

We shall calculate the total cross section (5 (K,Q, s) analytically to 

find its large s behaviour for arbitrary values of K. Integrating Eq. (7) 

over t, we find 

CdG F 
a(~,Q,s) = - Sfi 

I 

2 
2(K-l)‘kl A + p + f5K +$ 

M2 
, 

W I 
(8) 

inthelirnit s>>M 2 
W’ We have set g2 = GF M&/G.. Nonleading terms 

are given in the Appendix. 

As given by Eq. (8) to leading order in M&/s, D(K, Q, s) is 

independent of Q for all values of K . It increases logarithmically with 

s except for the case K = 1, where it reaches the constant value 

s(l,Q, s) = 6~ GF , (9) 

which is about 4. 6 x 10 -35 cm2 . 
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III. THE INELASTIC PHOTOPRODUCTION OF SINGLE W  BOSONS 

High energy experiments on ti production are likely to be highly 

inelastic. The physical picture is the complete break-up of the target by 

high energy photons and the creation of a vector boson during that process. 

We shall calculate the deep inelastic cross section for the photoproduction 

of W* using a quark-parton model, As indicated in Fig. 2, the basic 

production process is off a quark or antiquark of charge Qe inside the 

target. The final quark or antiquark of charge (Q f l)e recombines to 

form a hadronic state of variable mass mf. Let Pi(x) be the probability 

of finding a quark of charge Qie inside a nucleon of mass m 
T’ and 

denote its coupling to W  by gi. Then, 

dof - CY 

dtdm; c 16s2t i 
g; Pi(x) TR(K, *Qi,x s,t) > ($0) 

where x = t/(t+m2 2 T - mf) is the usual scaling variable and the function 

TR is given in Eq. (5). Assuming that nucleons are made up of the 

ordinary quarks,u, d, and s, we obtain: 

2 
+ 

do crG M F W  = 
dtdrnf2 lbfis’t 

Pu (x) TR(K,$,x s, t) 

+ P$x) cos2ec + Pz (x) sin20 
C > TR(K, $ 
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cuG M2 do- = F W 

dt drnf 166s2 t 
PE (x)TR(K,$,xs,t) 

pd (,x) ~0~~6~ + Ps (x ) sin20 
> 

TR(+, xs, t) o 
C 

(12) 

In the above two. equations we have used the fact that for photoproduction 

off an antiparticle we simply let Q- -Q in the trace. Another. sign 

change comes when we go from W’ to W- production as dictated by 

Eq. (3). These two changes explain why TR(K, 2/3, XS, t) occurs in the 

photoproduction of6a W- off an up antiquark ET. 

To proceed we need explicit forms for the probability functions 

Pi(x)* In our numerical calculations we have used the parametrization 

given by Okada, Pakvasa and Tuan, 13 and which is reproduced here for 

completeness: 

Ps = Pz= PE’ Psi= 0.1(1-x) 712 /x, 

Pu = 1.74 (1 - X)3 (1 + 2.3 x)/t& + Ps 

pd = 1.11 (1 -x)3e1/&- + Ps D 

(13) 

To obtain the differential cross section do*/dt we need to integrate 

Eq. (11) or Eq. (12) over rnT* The limits are given by 
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(mf2)min = (mT + mri)2 

=s+M’ 
M; K. 

W- + 
I (n/r;-t) ’ 

(14) 

where KO=(s-mk)/2hjs. 

In Fig. 3 we plot do+/d(t 1 for K = -1,0 and 1. We have set 

MW = 70 GeV/c’, which is close to the value obtained in the Weinberg- 

Salam model with sin2eW= 0.3. The square of the center-of-mass 

energy, s, is 25000 GeV2 in Fig. 3. 

The total cross sections as functions of s are plotted in Fig.4, 

again for the production of a positively charged W  boson of mass 

70 GeV/c’. These curves were obtained by integrating da+/dt over t 

with the following limits: 

(t) min 
= M; _ 2KOWo + L) 

where 

and 

(t) = n/I2 
max W  - 2Ko(Lo - L) 3 

Loc(s+M&-(mf2) )/2G, 
min 

L = (LE 
112 

-M;) q 

(15) 

(16) 

(17) 
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IV. COMMENTS AND CONCLUSIONS 

We shall first comment on the inelastic photoproduction of W* 

which was considered in the preceding section: 

a) We have presented numerical results only for the case of the 

W+ because we find that at high energies the photoproduction cross 

sections of W+ and W- are the same to within 10%. Only near thres- 

hold do the two cross sections differ appreciably, aW- being somewhat 

smaller than (r w+’ 

b) Since the cross sections are quadratic in K, the reader 

interested in values of K different from -1,O, or 1 can use Figs. 3 

and 4 to get 

O(K) = ‘(1 - K’)D(o) + K[CF(i) - 0(-l)] /2 

+ K2 [O(l).+ O(-1)] /2 , (18) 

and similarly for do/dt. 

c) We have tried other values of MW and found that to a good 

(- 10%) approximation the cross sections scale in s/M;. Using this 

property one can easily find from Fig. 4 the photoproduction cross 

section for a W with a mass different from 70 GeV/c2. 

d) Though we have used a left-handed 1 - y5 coupling for the W, 

the same cross sections are obtained for the photoproduction of a boson 

which couples to the quark (s) in a right-handed manner. More generally, 
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replac%! 1- Y5 by gv+ gA Y5 simply miltiplies our cross sections by 

e) From Figs. 3 and 4 we see that the rates for K = 1 are larger 

than the rates for K = 0 or K = - Y. This is of course encouraging since 

we are biased towards K = 1. Eventually all cross sections for K + i 

will exceed o (K = 1) since they will grow logarithmically with s. This 

happens at far too large energies to be of any practical interest. For a 

crude estimate one may use Eq. (8) to calculate the ratios of the cross 

sections for different values of K. We find, for example, that o (-1) and 

o(O) exceed o(l) only for s 2 M 2 3.75 andfor ssM 2 7.75 
We W e respectively. 

f) The photoproduction of a W+ or W- seems to be the best means 

of measuring K, provided that a precision better than a factor of two can 

be achieved. Of course there are other reactions where the W* may be 

produced electromagnetically and therefore the rates will again depend 

on K, but these reactions involve a virtual photon and hence one must 

add at least one more Feynman diagram replacing the virtual y by a 

virtual Z 0’ 
The interpretation of the experimental results will then 

not be as clear as in this case. 

g) To estimate the cross section for ep + eW*X, we may use the 

Weizsgcker - Williams 

photoproduction cross 

of the center-of-mass 

approximation. Very crudely, we multiply our 

sections by Q/T In S/me2, where S is the square 

energy for the ep system. More precisely, 

(19) 
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This reaction has obvious experimental advantages over both Yp * Wk 

and ep * VW-X. 

This brings us to the elastic process treated in Section II. We 

emphasize that since form factors have not been included, the results 

of Section II do not represent the rates for y+P+W++n or y+n+ W-+P. 

As discussed in Ref. 9, these rates are substantially smaller becauseof 

the form factors entering at the weak and the electromagnetic vertices. 

a) For any value of K we find that the total cross section for (ii) 

increases at most logarithmically. However K = 1 stands out as a rather 

special case : TR(1, Q, s, t) is an impressive simplification of Eq. (5), and 

the In s/M2 w term in Eq. (8) drops out leaving a constant cross section 

for ~=l. This behaviour is the opposite of the usual role which the 

anomalous magnetic moment of the W plays in other reations, where it 

contributes divergent terms to be cancelled by other diagrams, as in 

e++e-+W++W-. 

b) It is remarkable that the leading terms are independent of Q. 

One may obtain the same result for o by neglecting diagram (a) or 

diagram (b), but not both, in Fig. 1: simply choose Q = 0 or Q = 1. 

c) Finally, we mention a few checks of our calculations. 

Equation (5) agrees with the trace given in Ref. 8 for K = 0. For K = 1 

the cross section was obtained by integrating over t first and then setting 

K=i. The same answer was obtained by reversing this procedure, that 

is by using TR(1, Q, s, t) as integrand. We find, however, that,our 

14 expression for general K given in Eq. (8) is different from the result 

of Ref. 9. 
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APPENDIX 

There are non-leading terms in the elastic cross section which 

involve both K and Q, and which break the scaling behaviour through 

In s/mr2. A more complete expression replacing Eq. (8) is the following: 

C!G 
a-(~,(& s) = ,& 

2 
2(K-i)2 h + + 5 + 15K 

MW 

(Q - i)2 In s + [(i -K)(s+K) - 8Q(i +K)] hl s 

mf2 _ M2 W 

2 
+ 2Q2 + ~Q($+K) - y - 7K - $ (Q- 1)’ In -!- 

rnf2 

(A-1) 

It is interesting to note.that the scale breaking terms come from 

Fig. l(b) and vanish for Q = 1. 
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FIGURE CAPTIONS 

Feynman diagrams for the reaction y + q -+ W* + qr D 

The quark-parton model for the reaction 

y+P-w*+ x. 

The differential cross sections do+/d It 1 for the 

reaction y+P-W++X, in units of 10 -39 cm2/GeV2/ 

c2, as a function of It 1 in units of GeV2/cz0 

MW 
= 70 GeV/c’ and s = 25000 GeV’. The three 

curves correspond to K = 1, K = 0, and K = - i as 

indicated, 

For MW = 70 GeV/c’ , the total cross section for 

y+P-W++ X, in units of 10 -35 cm2 , as a function 

of s in units of GeV’. The three curves correspond 

to K = 1, K = 0, and K = - 1 as indicated. 
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