
SLAC-PUB-144 
NOVEMBER 1965 

W MESON PRODUCTION IN fi- + p -+W- + p INTERACTIONS* 

J. D. Sullivan 

Stanford Linear Accelerator Center 
Stanford University, Stanford, California 

ABSTRACT 

The cross section for production of W bosons in the reaction 

fi- + p -+w- +P is calculated on the basis of single particle 

exchange for W msses in the region 2-5 BeV. Corrections for 

absorption in the initial channel are included. Pion exchange 

is found to dominate rho exchange and gives (4 - 12) X 1O-34 cm2 

as a lower bound to the total production cross section. 
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I. ~INTRODUCTION 

The present V-A theory of weak interactions naturally abcomodates a 

charge 1, spin 1 particle usually called the W bos0n.l This particle is 

supposed to have weak and electromagnetic couplings but no strong couplings. 

There is no theoretical prediction of the W boson mass, but recent high 

energy neutrino experiments 2 have set 1.3 - 1.8 BeV as a lower limit. 

In the search for this elusive particle no possible production mecha- 

nism should be overlooked. Consequently we present here calculations of 

the expected production cross sections of W- mesons in the reaction 

x- + p -tw- + p. We use the peripheral model, including initial state 

absorption corrections, and consider both pseudoscalar and vector ex- 

change.; Fig. 1. Basically our model is a generalization and extension 

to higher energies of that of Bernstein and Feinberg.3 

The W meson, if it exists, would be highly unstable and would be de- 

tectable only through observation of its decay products. Detection in the 

reaction 3i- + p -+W + p would be a formidable experimental problem be- 

ca'use of the large backgrounds that would be present. Except for a few 

remarks in the conclusion we will not attempt to discuss what kinematical 

and dynamical features might be used to distinguish true W events from 

background. Our purpose here is to provide realistic estimates of W meson 

production cross sections which can be used in any serious discussion. 

In Section II we discuss the W couplings we require and in Section III 

the particular form of the absorption corrections we employ. In Sections 

IV and V we present the calculations and results for JI and p exchange, 

respectively. Section VI contains our concluding remarks. 
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II. W MESON COUPLINGS 

In our notation the weak Hamiltonian describing the coupling of W mesoils 

is 

YYJ = g$&x) -I- $(x)) w(+)“(x) + g$(x) + J$x))T w(-)“(x) 

where 

4 
% = ;s,7,(1 - y5) CL- + j,7Jl - y5) eT 

is the leptonic weak current and 

c= %x + Aa: 

is the hadron weak current with vector (Va) and axial vector (Aa) parts. 

In Eqs. (2.1) and (2.2) the particle symbols stand for the corresponding 

field operators. The constant gW is given by 

g; = g. G/ @-- 

(2.1) 

(2.2) 

(2.3) 

(2.4) 

where G is the Fermi coupling constant (G< 2 10e5). Little is known 

about fi a except general properties implied by Lorentz invariance and 

group theoretic transformation properties. A few of its matrix elements 

between simple states are known from experiment. In particular to calculate 

the diagrams of Figs. l(a) and l(b), we require < no; qs I 1 
JHa Jr-; q1 > and. 

<PO; 9 PI - 2 a fl ; cl1 > l We neglect all form factors so that we merely seek 

the values of the ~crrW and prrW coupling constants. For < ITO; q2 I I c 7r-;q > 1 

only the vector part V, contributes and has a value fixed by the conserved 

vector current hypothesis3'4 (CVC) 

(2.5) 
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For < PO; q2 a fl- ; q1 
IPI 

5 only the axial vector part Aa makes a 

contribution. This follows from the observation that the p and rl have 

opposite G parity and so are coupled only by odd G parity operators like 

Aol .5 To determine the strength of the coupling we make use of the partially 

conserved axial vector current hypothesis (BCAC) in a manner analogous to 

the most popular derivation6 of the Goldberger-Treiman relation.7 The par- 

tial conservation hypothesis is the statement that the matrix elements of 

aaAa vanish in the limit of infinite momentum transfer. This argument has 

already been presented in detail by Beg, Cornwall and WOO,~ for the pn 

matrix element,, but we briefly resketch the derivation in order to fix our 

notation. We have from the diagrams of Fig. 2(a) and Fig. 2(b) 

\/%r 31: < PO; q2~n,(o)(n-;p > = - bprry&q2) + axgpxn 
2&*) * qcs - q2ja: 

(q q )21 (2.6) 

1 2 
- P2 

where f is the p polarization vector, a ~ the @on-W meson coupling con- 

stant, b Pfl 
the phenomenological direct pxW coupling that we seek, and 

~pnll the p?rn coupling constant which is given in terms of the p width 

2 

gPnJr 
6m2 

- r 
4n ("'p - 

pmt l 

From Eq. (2.6) we have that 

(w) 

-d 2q; 2q; < PO; 
2E* cl” ‘p - q2)” 

- ia g 
fl p7(fl (qi t q2)2 - p” l 

(2.Q 
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Requiring this to vanish as (9 - q;)' -+a fixes 

b = 
PJr 

2a g fipml l 
(2.9) 

The continuum contributions (Fig. 2(c)],which we have not included in 

Eq. (2.8),separately vanish in this limit and consequently do not effect 

Eq. (2.9). Substituting for afi the Goldberger-Treiman relation7 

- - P-yp 
a = 

II 
(2.10) 

gflNN 

where a = GA/Gv r - 1.18 and gflNN is the pion-nucleon coupling constant 

as usually defined, we have 

b = . 
Pfl 

gTiNN 

(2.11) 

Numerically we find b 
i I Pfl 

= 1.23 "N . 

III. ABSORPTION CORRECTIONS 

We discuss in this section the corrections we apply to the Born diagrams 

of Fig. 1. The particular form we employ is that used by Gottfried and 

Jackson" and others?' to successfully fit (especially for pseudoscalar ex- 

change) a great number of production reactions in the 2 - 8 BeV region. 

In this scheme the corrected partial wave helicity amplitudes 

F; h A A (s) are given in terms of the Born approximation partial wave 
3 4; 12 

helicity amplitudes Pj A3A*;A1h,(S) by 

Fish+;A1h2(~) = eis'(') FB&A4;h1h2(s) ei8'(') (3.1) 
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where S:(E) and S;(s) are-the elastic scattering phase shifts for angu- 

lar momentum j in the initial and final states respectively. In Eq. (3.1) 

the usual simplif'ying approximation has been made that the elastic scatter- 

ing is a scalar in the helicity indices. In the limit that the elastic scat- 

tering phase shifts are pure imaginaryll we may write Eq. (3.1) as 

where the inelasticity parameters 

3 I 2j.6: F 

?,F = e 
> 

(3.2) 

(3.3) 

may be obtained from the shape of the elastic scattering peaks of the 

initial and final channels. 

In the reaction considered here 71 = 1, since there are no final state 

I 
interactions, and 7. is to be determined. from ~r-p scattering data. If 

J 
we parameterize the ~r-p diffraction peak as 

f(s,t ,) = f(s,o) e’A(s)t = 2 utot(s) e’A(s)t (3.4) 

then 
+l 

r&s) = 1 - g atot $ 
s 

dzPQ(z) e'A(s)t (3.5) 
-1 

where: t=- 2qZ(l-z) and j = 45 + l/2. In our work we have further 

simplified Eq. (3.5) to the "impact parameter'l result9 

l+(s) = 1 %ot - - exp . 
45rA 

(3.6) 
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Lull 

independent of s, corresponding to a non-shrinking diffraction peak, anal3 

%ot 2 2'7 mb. In view of the fact that most absorption model fits are best 

when the S-wave (j = l/2) is fully absorbed, we also show the effect on our 

results of setting utot/431A = 1. Th is latter choice should assure a lower 

bound for the cross section. 

IV. W PRODUCTION BY PION EXCHANGE 

The S matrix element for the diagram of Fig. l(a) is 

The particular values of A and uLeL that we use are12 A = 9.4(BeV)-2 

s = %T 
4qokoE1E, 

(2d4 E"(k f p2 - q - pl) 2&~$3~~ (4. 1) 

where 

F = 4% -\/jEl+m)(E2+m) 
U(P,) 7, u(pl) 

q'E* ., 
t 3-i - m2 

(4.2) 

E is the W polarization vector, t = (k-q) 2 , and qo, ko, E , E are 
1 2 

the center-of-mass energies of the incident pion, the W meson, the initial 

proton and the final proton, respectively. The center-of-mass differential 

cross section for unpolarized particles is given by 

(%i,,, = I2 f$g 4 p s(E +;(E +m) i 1 ’ F’2 1 1 2 spins 
(4.3) 

where s = (P, + q)2. Neglecting initial state absorption gives as an upper 

limit to the cross section 

Abs. 
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Using gzm/4a = 14.6, Eq. (2.4) and integrating Eq. (4.4) we obtain for 

the total cross section without absorption the results given in Table I 

for "w = 2, 3, 4, 5 at selected incident pion lab energies (denoted by v). 

To analyze the effect of the initial state interactions we project out 

the six independent helicity amplitudes 
Fh,h2;h'Al 

from I;",q.(4.2). Here 

A,A2;Ar,Al denote the helicities of 

incident pion and the initial proton 

the outgoing W, the final proton, the 

respectively. 

F, = Fl~.o~ = - 
P1(C1 - sa) 

2. 2 
\p 2 

F2 = Fl~.O 1 = 
PICEL + s2) 

2. -2 
d- 2 

sin 6 co6 O/2 
p-cos 8 

sin 0 sin 0 2 
/3-cos 6 

F3 = F+,+ = (s - Ea) 
2. 2 1 

F4 = FO-~.O-~. = - (ei + e2) 
2. 2 

(4.5) 

F5 = Fl+& = F2 

F 
6 

= Fl-+:O-+ = - FL 

where EL + m 
=- , c = 

E2 f m 
E 

p2 ' 
B 

2E1E2 + rn: - s 
= 

%p2 

3 (4.6) 
1 

*I 
2 

and 8 is the W production angle in the center-of-mass. The remaining 

six helicity amplitudes which have not been listed are related to Eq. (4.5) 

by parity invariance according to 

= -(-1) 
h-A2+A1 (4.7) 

F?;^, :0x1. F-A-A2;o-hl l 
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The equalities F5 = F and F = - F are special to the Born approxi- 
2 6 1 

mation and are removed when the absorption corrections are included. 

me partial wave projections for Eq. (4.5) are obtained from 

n+1 
FiA .h'A = $ j dcos(@) d$-h;h-h (0) FAA ,,,tA (e> (4.8) 

2.' 1 2 2' 1 
-1 

and the required d functions are: 

(4.9) 

,j (e) = 
sin e/2 

-s- (8 + 1) jiqETT) i 
gpi-tl 

+ (& + 2) P' 
AL i 

where 4 = j-s, Carrying out the angular projections for the amplitudes 

Eq. ('1.5) yields: 
p (El - c2) 

(2j+l)Ft= 1 m 

- P (fl + “J 
(2j + 1) Fz = ' n 

(2j +l) Fi = koplB) c-f-, + 1) (Qbl + Qg) + koPl 
(4.10) 

(2j + 1) Fi = koplB)(g + 1) (QG~ - Qg) - kopl gb 
I 

(2j -I- 1) Fi = (4 + 2)Qi) ~~0 

P (EL - E2) 
(2j + 1) FJ6 = 1 

d-zpx 
(1 - P2$Q;+l -I- @ + 2) Q; t+o l 
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Finally, the full helicity amplitudes for pion exchange corrected for 

initial state absorption are: 

FL = (2j + 1) Ff d~j dj (e) 
-g- 

F2 = 
c 

(2j + 1) F; 0 dj (0) 
j+ s- 

M 

F, = 
I 

(2j + 1) Fi @ dj (0) 
j+ ++ 

(4.11) 
m 

F = 
c 

-(2j + 1) Fi Gdj (0) 
4 

j+ +--$ 

m -- 

F = (2j + 1) Fj 5 1 5 il-- 7/j djl, $6) 
j=l -T-2- 

2 

m 

F = 
6 1 

(2j + 1) Fj i/T dj (0) . 
6j 

j=$ s-s- 

Determining the oh's as described in Section III and using Eqs. (2.4), 

(4.3) and (4.11) we find the center-of-mass differential cross sections 

plotted in Figs. 3, 4, 5 and 6. We have also plotted there the cross sections, 

Eq. (4.4), before absorption corrections. In Fig. 7 we display for the case 

mw = 3 BeV, v = 16 BeV, u tot/4~ = 1, the behavior of the cross section as 

the j = l/2, 312, 312, etc. partial waves are successively corrected for 

absorption. Table I lists also the total cross sections obtained from these 

curves . 
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v. W PRODUCTION BY RHO EXCHANGE 

The rho exchange diagram of Fig. l(b) gives the S matrix element 

s= J 
G 1 

4q0koE1E2 
(2d4 g4(k + P, - q - pl) 

$Jbp 3.r gpNN F (5.1) 
2 4% J(E,+m) (E2+d 

where 

F = 4mN d(El+m)(E2+m) 
U(P,) Y u(p,) eV* 

t B - m2 
(5.2) 

and all other variables are the same as in Section IV. The center-of-mass 

differential cross section is given by Eq. (4.3) except that gzm/4n in 

that expression is to be replaced by (g&/k)(bzrr/32). Neglecting initial 

state absorption, Eqs. (5.1) and (5.2) give for unpolarized particles 

We use Eq. (2.11) for bon and assume that the p meson is universally 

coupled to the isospin current to obtain QpNN = gpm* With these values 

of the coupling constants Eq. (5.3) g ives the total cross sections listed 

in Table II. We have listed only a few cases since the resulting cross 

sections are characteristically more than an order of magnitude smaller 

than for pion exchange. 

Again to calculate the initial state absorption corrections we project 

from Eq. (5.2) the six independent helicity amplitudes. In the notation 



of Section IV these are: 

F1 = -fl(e 
+ E 

1 

e/2 cos 
F2 = -fi (El - E2) y+os 0 

F =- 
p2(l+ s1s2) + ko(sl + e2) 

3 
“w > 

e/2 cos 

y-cos 8 

F4 = - 
P,(l - e1s2) - ko(sl - e2) sin e/2 

"w 
> y-cos e 

F, - 0 

Y= s 

The remaining six helicity amplitudes may be obtained from 

FM2; OAl = +(-1) 
A-h2+A1 

F-h-h,; O-A1 l 

(5.4) 

(5.5) 

(5.6) 

The difference in overall sign between Eqs. (5.6) and (4.7) is due to the 

fact that in pion exchange the W is produced as a 1 meson and in rho 

+ 
exchange as a 1 meson. Of course in its subsequent decay the W forgets 

this information. 

The fact that F 
3 

has the same angular dependence as F, is a partic- 

ular property of theBorn approximation. However, because their partial 

- 11 - 



wave expansions have the same form [see Eq. (4.11)1 this peculiar degeneracy 

is preserved even after absorption corrections. A similar statement applies 

to F4 and F . 1 
Furthermore, the vanishing 

to the Born approximation and is, of course, 

rections. This means we need only work with 

sorption calculations. Using Eqs. (4.8) and 

wave pro,jections: 

of F 
5 

and F is also special 
6 

preserved by our absorption cor- 

F and F in doing the ab- 
1 2 

(5.4) we find for the partial 

(2j + 1) Fp = fi (sl + E,)@ + 1) Q~$Y) - Qg( Y)) 

(2~ + 1) F; = -fi (cl - c2) (g f 1) Qbl (Y) + Q&(Y)). 
(5.7) 

Thus the full helicity amplitudes corrected for initial state absorptions are: 

F1 = 

F2 = 

F = 
3 

F = 
4 

F z 
5 

~~(1 + sLs2) + ko(el + e2) 

tiy& - E2) > F2 

P,(l - y2) - ko(E1 - c2) 
> F 

V$$(', + E2) 1 

F =O. 
6 

(5.8) 

We show in Figs. 8 and 9 the differential cross sections given by Eq. (5.8). 

In Table II we give the corresponding total cross sections. 
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VI. SUMMARY ADD CONCLUSIONS 

We have obtained differential and total cross sections for W- meson 

production in fl- + p -+W- + p for both pion and rho exchange. Unless the 

strength of the psrW coupling is substantially greater than is given by 

the PCAC hypothesis (Section II) pion exchange is the dominant process. We 

have shown that the absorption corrections may reduce the total production 

cross section by a factor of 20-80 for W masses in the region S-5 BeV and 

pion energies 6-32 BeV. The reduction takes the usual form of a slight sup- 

pression of the forward amplitude and large damping in non-forward directions. 

There are admittedly a large number of uncertainties in the results pre- 

sented above. In spite of the many words written on the subject, no one 

has given a derivation of Eq. (3.1) valid when the absorption is very large. 

Furthermore, in the rr-p amplitude the forward amplitude is far from pure 

imaginary, " and it is somewhat arbitrary to neglect the spin structure of 

flP scattering as in Eqs. (3.1) and (3.5). One might also entertain the 

possibility of t-dependent form factors at the vertices of Fig. 1. This 

possibility has been investigated empirically by Bander and Shawl' for the 

reaction 7[ +p-+p-+p at v = 4 BeV with the conclusion that there 

is little need nor room for such form factors. 

The largest uncertainty in our work occurs because of the sensitivity 

of the non-forward amplitude to the choice of the absorption parameter 

c7tot/4flA. Setting it equal to 1 gives complete S-wave suppression and en- 

hanced absorption of the higher partial waves. In the range v = 6-30 BeV, 

experimentally one has atot/4aA g 0.58. Using this latter value gives total 

production cross sections about a factor 4-8 times larger than for the choice 

- 13 - 



fftot,%tA = 1. There is no real test of the absorption model on this point, 

so our results should be interpreted as upper and lower bounds. 

A detail we have not included above is a form factor F,+(j) at the 

G?"W- vertex in Fig. l(a) as discussed by Bernstein and Feinbergm3 (There 

would be a corresponding form factor in Fig. l(b),) The CVC theory fixes 

Fn (G) to be the pion electromagnetic form factor F,(k2) (normalized to 

1 at k2 = 0) evaluated at k2 = <. If there happens to be a J[JI reso- 

nance in the neighborhood of the W mass, then Ffl($) brings about an 

enhancement of W production. However, this enhancement is cancelled by 

the branching ratio of the W into all but the TUT decay modes. On the 

other hand F,(G) might be-much less than one and would suppress the cross 

section below the values presented here. This suppression would not be com- 

pensated by the branching ratio. 

One may also consider the lower vertex in Fig. 1 and look for an enhance- 

ment of the cross section that would come about by considering all inelastic 

final states for the target proton. (See the paper of H. *&era11 mentioned 

in Ref. 3.) Here again the enhancement is probably only of academic interest. 

In picking W events out of a large background it is unlikely that one could 

afford to throw away the kinematical information that a measurement of the 

recoil proton in fl- + p -+W + p would give. 

If there is any hope at all of detecting the W in the reaction considered 

here, it would appear to be via the W- 4p-T decay mode. The character- 

istic signature for this would be p-'s in the final state with large trans- 

verse momenta in the center-of-mass system. Such P-'S are possible be- 

cause of the large Q value for the ~'7 mode when mW is in the multi-BeV 

- 14 - 



region.. Using the helicity amplitudes presented in Section IV one can 

readi1.y calculate the W density matrix and from it the angular distri- 

bution of the decay IJ-'s. 
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-MASS 

(BeV) 

2 

2 

2 

2 

2 

2 

3 

3 

3 

3 

4 

4 

4 

4 

5 

5 

5 

5 

TABLE I 

PION EXCHANGE TOTAL CROSS SECTIONS 

INCIDENT PION 
LAB ENERGY 

(BeV) ( 1o-34 m2) 

6 

a 

10 

12 

14 

16 

12 

14 

16 

18 

18 

20 

22 

24 

26 

28 

30 

32 

~CORREXTED 

210 

200 

la0 

170 

160 

150 

260 

250 

240 

220 

310 

300 

290 

280 

350 

340 

340 

330 

CORRECTED FOR 
ABSORFTIOIV 

utot/4d = 0.58 0~,~/4fl = 1 

( 1o-3* cKa2) ( 1o-3* cm2) 

60 9.3 

44 12 

33 12 

25 10 

20 8.8 

16 7.3 

54 7.8 

47 10 

42 11 

38 12 

55 5.5 

51. 7.0 

49 a.4 

46 9.6 

53 4.5 

52 5.6 

51 6.7 

50 7.7 



TABLE II 

RHO EXCHANGE TOTAL CROSS SECTIONS 

J-MASS 

(BeV) 

2 

2 

2 

4 

4 

4 

INCIDENT PION UNCORRECTED 
LAB ENERGY 

@eV) (10 -34 CIn~) 

8 4.6 

10 5-5 

14 6.6 

la 2.4 

22 3.6 

26 4.5 

CORREXTED FOR 
ABSORPTION 

otot/hA = 0.58 atot/4x = 1 

(10'34 cIn2) (1o-34 c!n12) 

2.0 0.11 

2.5 O.i7 

3.0 0.26 

0.86 0.023 

1.4 0.066 

1.8 0.11 
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1. W meson production: (a) i v a vector coupling with pion exchange, 

(b) via axial vector coupling with rho exchange. 

2. Diagrams which appear in the coupling of x-p' to the weak axial current: 

(a) phenomenological direct coupling, (b)coupling via one pion, 

(4 coupling via two and higher particle intermediate states. 

3. Pion exchange center-of-mass differential cross sections for mW = 2 BeV 

at v = 6, 8, 10 and 12 BeV. The upper set of curves (solid) is the 

Born approximation; the middle set (dashed) is the Born approximation 

corrected for initial state absorption in all partial waves Using 

otot/452A =.?a; the lower set (dash-dotted) is the corrected Born approxi- 

mation using otot/4xA = 1. 

4. Same as Fig. 3 except s = 3 BeV and V = 12, 14, 16, and 18 BeV. 

5= Same as Fig. 3 except "w = 4 BeV and V = 18, 2C, 22, and 24 BeV. 

6. Same as Fig. 3 except % = 5 BeV and v = 26, 28, 30, and 32 BeV. 

7. Pion exchange center-of-mass differential cross sections for mW = 3 

and v =16BeV. Curve (1) is the Born approximation; curves (2), (3), 

(4), (5>, (6) and (7) are respectively obtained after the j = l/2, 3/Z, 

5/h 7/G and all partial waves have been corrected for initial state 

absorption using atot/4xA = 1. 

8. Rho exchange center-of-mass differential cross sections for mW = 2 BeV 

at v = 8, 10, and 14 BeV. The upper set (solid) of curves is the Born 

approximation; the middle set (dashed) is the Born approximation corrected 

for initial state absorption using atot/l'd = .58; the lower set (dash- 

dotted) is the corrected Born approximation using atot/4fiA = 1. 

9. Same as Fig. 8 except mW = 4 BeV and v = 18, 22, and 26 BeV. 



/ 

/ 



(W
 

FI
G

. 
2 

P 0 %
 

7r
- 

/ 
4 

/ 

/ 

/ 

cc
> 42

8-
2-

A 



II 
-Q 

C 

-f 
( 

-1 
I 

% 0 
‘I 1% 

1 I 
1 I 
I I / / 

I I 
* I 

II I/ 
I 1 ' , 

I I // 
I I 
I I 1’ / 

> 
I% 
c-d 
II 

I I I 
I? 

/ I 



> 
m” 
m 
II 

E’ 

I I 

:: 

:: 
II 

I: 
I I 

I * , 
/ . I I 

P d 

I I 1- 
x 
‘0 

- uJ3 
2 w3(lTP/~P) 



I 

“r ,A 
/’ / 

/‘./’ 
/” 

,7’ 

;I 
I ’ 
I’ 
I It 
I’ 
II 
/I 

- 2uJ3 uJ3 (UP/BP 1 





-32 
IO 

- 

-35 
I0 L 

I 0.95 0.90 0.85 0.80 0.75 0.70 0.65 
cos 8 - 428-7-B 

FIG. 7 



E v 
c: -0 \ 
b 

-u 

- \\ 

\ 

.’ 

. \\ \ , , 

-36 \\ 8 
IO 

, I4 lo, I I I I 
0.95 0.90 0.85 0.80 0.75 0.70 0.65 

cos 9 - 428-7-B 

FIG. 8 



I 

I I I I I I 

h 26 
m = 4 BeV 

I 
E 

$” 
\ 
b 

‘73 

t/ . 

\ 

* 
I 

:\ 

\ 

. 

\ \ 

22 II 
-1 

1 
1 

-36 I I I I 4 
IO I. 0.95 0.90 0.85 0.80 0.75 0.70 0.65 

cos 9 - 428-9-B 

FIG. 9 


