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ABSTRACT

The cross section for production of W bosons in the reaction
X+ je) —W o+ p is calculated on the basis of single particle
exchange for W masses in the region 2-5 BeV. Corrections for
absorption in the initial channel are included. Pion exchange
2

is found to dominate rho exchange and gives (4 - 12) X 107°% cm

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 accommodates a
charge 1, spin 1 particle usually called the W boson.* 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® 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 o+ hs] ~>W o+ v. We use tﬁe peripheral model, including initial state
gbsorption corrections, and cgnsider 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 1w + e —W + p would be a formidable experimental problem be-
cause 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 Secticn II we discuss the W couplings we require and in Section IIX
the particular form of the absorption corrections we employ. In Sections
IV and V we present the calculations and results for n and p exchange,

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

In our notation the weak Hamiltonlan describing the coupling of W mesous

T
- gw(Jl;(x) + JJ(’;(x)) w(H9) 4 gw<Jg(x) + Jg(x)\) (=% ) (2.1)
where
Jg = '\7H7a(l - 75) b vy (L - 75) e (2.2)

is the leptonic week current and

_Jj;=va+Aa (2.3)

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

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

field operators. The constant &y is given by
2 2
&y = Ty G/ V2 (2.k)

where G is the Fermi coupling constant (Gm§ = 10_5). Little is known
about Jg exceplt 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. 1(a) and 1(b), we require < 77 a, Ji Iﬂ—; a > and.

fe) -
<p; q2 ’Jg ln 3 ql > . We neglect all form factors so that we merely seek

JH

o

the values of the =W and prnW coupling constants. For < nog q2 ;3 ql >
only the vector part Va contributes and has a value fixed by the conserved

vector current hypothesis3’4 (cve)

e} s} o}
./ < x°; 7
2q 29, <75 g, '\G(O)

-2 .

n; g > = V2 (o +a,)y - (2.5)



For < po; qa ,Ji{ T ; ql 5. only the axial vector part Aa mekes a
contribution. This follows from the cbservation that the p and = have
opposite G parity and so are coupled only by odd G parity operators like
Aa .> To determine the strength of the coupling we make use of the partially
conserved axial vector current hypothesis (PCAC) in a manner anslogous to
the most popular derivation® of the Goldberger-Treiman relation.’ The par-
tial conservation hypothesis is the statement that the matrix elements of
BaAa vanish in the limit of infinite momentum transfer. This argument has
already been presented in detail by Beg, Cornwall and WOo,8 for the op=xn
matrix element, but we briéfly resketch the derivation in order to fix our

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

2€(q2)- ql(ql - qg)

0 . © o - o
« . > = - .
\/Eql 2q, <P qalAa<O) e Pl A, (2.6)

2 2
(ql qz) n

where ¢ is the p polarization vector, ajr the pion-W meson coupling con-

stant, bpn the phenomenological direct pnW coupling that we seek, and

gpﬁﬂ the prn coupling constant which is given in terms of the p width
ko]
PR y
giﬂﬂ 6m§
= — P oon (2.7)
bt (mp - Mmi)3/2 e

From Eq. (2.6) we have that

R— 2evg (g - g )®

[§) [e} o, a - s _ s i1 2 ‘

\/gql 20 < 0% qz[a Aa(O)' ia >= e.e -dag ——i—to—Eo . (2.8)
(q.l q2> - K




Requiring this to vanish as (ql - q2)2 —wo fixes
b = 1 O .
pn eaﬁgpﬂﬁ (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
(2.9). Substituting for a_ the Goldberger-Treiman relation”
- V2 o
a_ = A (2.10)
& o
where O = GA/GV ¥ - 1.18 and 8. is the pion-nucleon coupling constant

as usually defined, we have

b = e . (2.11)

Numerically we find l bpﬁ} = 1.23 mN .

ITI. 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

i A A (s) are given in terms of the Born approximation partial wave

370 ey
helicity amplitudes AN N (s) by

1aJ< ) i&%(s)
7\3 et Py RN 28 e (3.2)
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where 5%(5) and 5%(5) are’the elastic scattering phase shifts for angu-
lar momentum J in the initial and final states respectively. In Eq. (3.1)
the usual simplifying approximation hés 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

J i _Bj J
FY 5 o (8) = \[nd F &
AN AR Vg A oM e I

(3.2)
where the inelasticity parameters
s d
. 218
J _ L,F
1,r T (3.3)

may be obtained from the shape of the elastic scattering pesks of the
initial and final channels.

In the reaction considered here ng = 1, since there are no final state
interactions, and n§ is to be determined from n_p scattering data. If

we parameterize the ﬂ_p diffraction peak as

1 . 1

: _ 2A(s)t _ iq ZA(s)t

f(s,t) = £(s,0) e = I Otot(s> e (3.4)
then

2 s 1
Sy _q o & 1 2A(s)t
n9(s) = 1 T %ot 2 k/ﬂ dsz(z) e (3.5)
-1

where: t = - 292(1-z) and J = 2 +1/2. 1In our work we have further

simplified Eq. (3.5) to the "impact parameter” result’

. o -(3-3)2
() =1 - tot exp<———————> . (3.6)

HETN 2Aq2




The particular values of A and Ut . that we use are*® A = 9,4(Bev) @
0

independent of s, corresponding to a non-shrinking diffraction peak, and®’
Otot = 27 mb. In view of the fact that most absorption model fits are best
when the S-wave (J = 1/2) is fully sbsorbed, we also show the effect on our

results of setting ctot/MnA = 1. This latter choice should assure a lower

bound for the cross section.

IV. W PRCDUCTION BY PION EXCHANGE

The S matrix element for the diagram of Fig. 1l(a) is

2 .
mN 4 o4 .
S = [ (2n)* 8%k +p_ - q - D ) 2\2 g8 Foo(Lk.2)
- BT 2 1 NN
hq k E B, umN\J(El+m>(E2+m)

where

ey fE T (o) (el (b.2)

2
t -m
7

¢ is the W polarization vector, t = (k-q)%, and 4,5 Ko» B, B, are
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

2
(Qg) _ 1 <%HN§> g@ Py
A Jen Bx byt pls(El+m)(E2+m)

where 8 = (pl + q)2. Neglecting initial state absorption gives as an upper

Z |r|? (4.3)

spins

ot

1limit to the cross section

2
ag No. Abs. 1 gﬂNN
an T8\,

cm 7

f”.@) v, (=0 [t - Gagm )2 |{e- (mym ) (h.1)

2\2
p & (t - )

o
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Using giNN/hﬂ = 14.6, Eq. (2.4) and integrating Eq. (4.4) we obtain for

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

for o, = 2, 3, 4, 5 at selected incident pion lab energies (denoted by V)
To analyze the efféct of the initial state interactions we project out

the six independent helicity amplitudes F%,KZ;K'% from Bq. (4.2). Here

%,%2;%',%1 denote the helicities of the outgoing %, the final proton, the

incident pion and the initial proton respectively.

F =F 1 _1_=_ll 2’ sin 6 cos 6/2

+ 12:02 VE; B-cos 6

p (e +e) . )
= S 2’ sin 6 sin 6/2

F =F,1 1=

2 12:0-2 VE; B-cos 6

- 2]
F = F 1 L= (e - € ) qop?_ kopl cos. cos 6/2 )+
? 02:02 1 2 B=cos 6 (4.5)
m

F =F 3 1 = = (e + € ) qopa - kopl cos & sin 9@

* 02:0-2 . 2 B-cos 6

Ty
Fs - Fl"230% - Fa
= = ~F
Fs Fl-%:o-% 1
where ‘ > 5
E + E +m SER +m. -
[ = = - » € = 2 5 B = _...__l 2 7 an]-\T , (l‘..6)
2
* p.'.L Pg QPJ_PZ

gnd © is the W production angle in the center-of-mass. The remaining
gix helicity amplitudes which have not been listed are related to Eq. (h.5)
by parity invariance according to

) —(-l>%-xa+kl . (h.7)
Fon 1o A=A 30-A .
2 1 2 1
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The equalities F
5

= F and F
6

2

F
1

are special to the Born approxi-

mation and are removed when the absorption corrections are included.

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

+1
Fixg,,-x’xl -3 j deos (6) 431y . A, (6) F AN (6) (4.8)
-1
and the required d functions are:
j o _sin 6/2 | |
d-%_(e) = d%_%(9> = 1 IP’&*‘l + P{’
(4.9)
J _ad _ Cos e/2 1 _ :l
d;~(6> d_,l._;(e) L +1 iP&l F {
22 272
3 (o) cos 9/2 B .
g) = -2p, o+ 2) P
2 @+ 1) VI + 2) 1 T ) R
j (o) - sin 6/2 3
a“ (e + L +2) P }
i3 (4’/+1)\/6(/fl+2 { L
where 4 = j-%. Carrying out the angular projections for the amplitudes
Eq. (4.5) yields:
. J pl(el "€ ) 2
(23 + 1) ¥ - A2 M 1)@+ BNy - ) +%}
. P (e + € )
(23 +1) F) = -4 lﬁ (2 + 1)1 -8)(qp,, + Q) +%}
. J (el - 62) 2, |
R AT ICMEEY R =R S
. € + ¢ .
(25 +1) 7 = - (= ™ 2> {qopz -k p B+ 1)(q,, - Q) - kR %Of
. -p (e +¢€)
(25 +1) F) = 222 (1 -, - (L+2)] 240
’ s VAl + 1) (142 ;)
(23+1)Fj=w(1 52)<J&Q' (L + 2) '> Lio -
&  V2l(d + 1) 2 7 ¥ Q’P/



Finally, the full helicity amplitudes for pion exchange corrected for

initial state absorption are:

0o

=
I
.

(e3+1) ¥ \nd ad (o)

1 1 11

22

. 33 <3
(25 + 1) F VY a? (8)

e ]
T8 3]

[
|

l\)‘»—'

AV

b
u
f
[>~]s

(25 + 1) ¥ Vol @ (8)

| -3-3
d=z (4.11)
[+2]
F o= . J J
. Z (23 + 1) F, V@) “(e)
ok 22

Determining the nj‘s as described in Section TII and using Egs. (2.4),
(4.3) and (%.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
m, = 3 BeV, v = 16 Bev, ctot/hnA = 1, the bebavior of the cross section as
the J = 1/2, 3/2, 5/2, etc. partial waves are successively corrected for

absorption, Table I lists also the total cross sectlons obtained from these

curves.



V. W PRCDUCTION BY RHO EXCHANGE

The rho exchange disgram of Fig. 1(b) gives the S matrix element

2 b 1
6 o [T (o)t etk 4 p, - q-p) o ol Po(5.1)
bq k B E, 2 : 2 iy V/(E_+m) (E+n)
where
o ap )
F = th V(El+m)(E2+m) (PZ) 7“ (zl> (5.2)
t - m
o

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 giNN/hn in
that expression is to be replaced by (giNN/hn)(biﬁ/Bz). Neglecting initial
state absorption, Egs. (5.1) and (5.2) give for unpolarized particles

, 2 2 2 - 2 _ 2y 2 2

(QE)NO Abs._ (gDNﬁ)(bOﬂ><%ﬂ) o, {}s my mw)(t + 5 - my jT) mw(t + nmNﬂ

dQ‘c: by 2

m pi (t - mi)z

. (5.3)

m
We use Eg. (2.11) for bpﬂ and assume that the p meson is universally
coupled to the isospin current to obtain gpNN = gpﬁﬁ. With these values
of the coupling constants Eq. (5.3) gives the total cross sections listed
in Table IT. We have listed only a few cases since the resulting cross
sections are characteristically more than an order of magnitude smaller
than for plon exchange.

Again to calculate the initial state absorption corrections we project

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



of Section IV these are:

_ sin 6/2
b= \ﬁ?(€l * Ez) y-cos 6
_ . _ cos 6/2
F, = \/E-(el €2/ 7=cos ©
. pg(l + elea) + ko(el + €2> cos 6/2
3 m y-cos 6
(5.4)
Fo= - pz(l B 6162) B ko(el - €g> sin 6/2
4 m y-cos 6
Fs =0
F =0
6
where
SEE + ot - el
y = —2E P T . (5.5)

2plp2

The remaining six helicity amplitudes may be obtained from

F_a-2_;0-n " (5.6)
2 L

The difference in overall sign between Egs. (5.6) and (4.7) is due to the
fact that in pion exchange the W is produced as & 1 meson and in rho
exchange as a l+ meson. Of course in its subsequent decay the W forgets
this information.

The fact that F3 has the same angular dependence &as F2 is a partic-

ular property of the Born approximation. However, because their partial
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wave expansions have the same form [see Eq. (4.11)] this peculiar degeneracy
is preserved even after absorption corrections. A similar statement applies
to F4 and Fl. Furthermore, the vanishing of FS and ’FS is also special
to the Born approximation and is, of course, preserved by our absorption cor-
rections. This means we need only work with Fl and F2 in doing the ab-
sorption calculations. Using Egs. (4.8) and (5.4) we find for the partial

wave proJjections:

(23 + 1) 7L V2 e+ )0 1) (9, () - 940)

(5.7)

it

(2y + 1) ¥ -VE@l-%x%+n<%ﬂw>+%wﬂ.

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

f (23 + 1) 7 Vol ad (o)

J

Fxi
H
P

F\)}&—'
N

g
N

!
>~

. I/l ad
(25 +1) F, \n® @y (6)
j::% 22

. <p2(l ree) +x (e + e2)> . (5.5)
\./E_mW(el - e.) 2

. <p2(l - el_eg) -k (e - e2>>F
Ve mw(el + eg) 1

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 AND CONCLUSIONS

We have obtained differential and total cross sectionslfor W meson
production in T o+ p =W 4+ p for both pion and rho exchange. Unless the
strength of the pnW 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 2-5 BeV and
pion energies 6-32 BeV. The reduction takes the usuel form of a slight sup-
pression of the forward amplitude and large damping in pon~forward directions.

There are admittedly a large nurber of uncertainties in the results pre-
sented gbove. In spite of the many words written on the subject, no one
has given a derivation of Eg. (3.1) valid when the absorption is very large.
Furthermore, in the TP amplitude the forward amplitude is far from pure
imaginary,ll and it is somewhat arbitrary to neglect the spin structure of
xp scattering as in Egs. (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 Shaw™> for the
reaction = + D —o 4+ p at Vv = 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
ctot/MﬂA. 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 Gtot/hﬂA T 0.58. Using this latter value gives total

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

- 13 -



o  Jfhgh =1

There is nc real

'to't/ L ¥ ¥ s L4 L

est of the absor

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

A detail we have not included above is a form factor Fﬂ(mﬁ) at the
2 7w~ vertex in Fig. 1(a) as discussed by Bernstein and Feinberg.> (There
would be a corresponding form factor in Fig. 1(b).) The CVC theory fixes

Fﬂ(m;) to be the pion electromagnetic form factor Fr(kz) (normalized to
L

¥® = 0) evaluated at k= =

L

ct

. If there

2

t X m . £ th I
W

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

1l = appens to be a 7w reso-
enhancement of W production. However, this enhancement is cancelled by
the branching ratio of the W into all but the =nn decay modes. On the
other hand Fﬂ(m;) 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 ratioc.

One may also consider the lower vertex in Fig. 1 and lock for an enhance-
ment of the cross section that would come sbout by considering all inelastic
final states for the target proton. (See the paper of H. ﬁferall mentioned
in Ref. 3.) Here again the enhancement is probably only of academic interest.
In picking W events out of a large backgrbund it is unlikely that one could
afford to throw away the kinematical information that a measurement of the
recoll proton in T+ p 2W + 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 —*u‘v 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 u_’s are possible be-~

cause of the large Q value for the p’v mode when o is in the multi-BeV

- 14 -



region., Using the helicity amplitudes presented in Section IV one can
readily calculate the W density matrix and from it the angular distri-

bution of the decay u's.
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TABLE I

PION EXCHANGE TOTAL CROSS SECTIONS

W-MASS | INCIDENT PION { UNCORRECTED | CORRECTED FOR
LAB ENERGY ABSORPTION
ctot/unA = 0.58 ctot/nn =1
(Bev) (Bev) (1073* cn®) (1072* cnf) (10734 cn®)

2 6 210 €0 9.3
2 8 200 L 12
2 . 10 180 33 12
2 12 170 | 25 10
2 1 ’ 160 20 8.8
2 16 150 16 7.3
3 T 260 5l 7.8
3 1h 250 b7 10
3 16 2ko Lo 11
3 18 220 38 : 12
4 18 310 55 5.5
L 20 300 51 7.0
i 22 290 49 8.4

e 280 1 9.6
5 26 350 53 k.5
5 28 340 52 5.6
5 30 340 51 6.7
5 32 330 50 7.7




TABLE II

RHO EXCHANGE TOTAL CROSS SECTIONS

W-MASS INCIDENT PION { UNCORRECTED CORRECTED FOR
LAB ENERGY ABSORPTION
ctot/LmA = 0.58 ctot/lm =1
(BeV) (Bev) (107%% oy (10734 on®) (10734 cn®)
2 8 4.6 2.0 0.11
2 10 5.5 2.5 0.17
2 14 6.6 3.0 0.26
L 18 2.4 0.86 0.023
L e2 3.6 1.k 0.066
L 26 4.5 1.8 0.11




LIST OF FIGURES

W meson production: (&) via vector coupling with pion excﬁange,

(b) via axial vector coupling with rho exchange.

Diagrams which appear in the coupling of ﬂ-po to the weak axial current:
(a) phenomenoldgical direct coupling, (b)coupling via one pion,

(c) coupling via two and higher particle intermediate states.

Pion exchange center-of-mass differential cross sections for m, = 2 BeV
at v =06, 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 &ll partial waves using
otot/hnA =,58; the lower set (dash-dotted) is the corrected Born approxi-

mation using otot/hﬂA = 1.

Same gs Fig. 3 except m, =3 BeV and V =12, 14, 16, and 18 BeV.

4 BeV and v

18, 20, 22, and 2k BeV.

I

Same as Fig. 3 except mw

Same as Fig. 3 except m

5 BeV and Vv = 26, 28, 30, and 32 BeV.

Il

Pion exchange center-of-mass differential cross sections for mw = 3

and Vv = 16 BeV. Curve (1) is the Born approximation; curves (2), (3),
(&), (5), (6) and (7) are respectively cbtained after the J = 1/2, 3/2,
5/2, 7/2, and all partial waves have been corrected for initial state

sbsorption using o,  /4za = 1.

tot
Rho exchange center-of-mass differential cross sections for m, = 2 BeV
at Vv =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 initiasl state absorption using Gtot/hnA = .58; the lower set (dash-

dotted) is the corrected Born approximation using ctot/hﬂA = 1.

Same as Fig. 8 except m, = 4 BeV and Vv = 18, 22, and 26 BeV.
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