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We apply the quark-parton model to the inelastic photoproduction of single W* bosons,
with any number of hadrons present in the final state. We compute the total cross section
and the energy and angular distributions of the bosons. We find the energy distribution to
be peaked near the high-energy region, and a very sharp forward peak in the angular distri-
bution. Experimental difficulties will make it hard to treat this process as a test of the
model which, however, can be used to obtain an estimate of the various cross sections.

I. INTRODUCTION

The treatment of hadrons as composite particles
has received considerable attention following the
SLAC experiments on inelastic electron-nucleon
scattering.! A popular version of such an approach
is the parton model, whose simplicity and physi-
cal intuitiveness have allowed a large variety of
applications, including inelastic Compton and neu-
trino scattering.? The experiments proposed or
performed so far probe the structure of hadrons
through either the electromagnetic or weak cur-
rents, while the process considered in this paper
involves an interference between these two cur-
rents. As such it is a further test of the model,
although experimentally a much more difficult one.

Photoproduction of the W boson has been dis-
cussed frequently in the literature, and total and
differential cross sections for the elastic process
have been given by various authors.® It took the
SLAC experiment to draw attention to the fact that
one had no a priori reason to neglect the inelastic

production process in which any number of hadrons k

are produced along with the particle (or particles)
of interest. The calculation reported here gives
an estimate of the number of W bosons produced in
inelastic photon scattering, together with their an-
gle and energy distributions. For this purpose a
definite parton model was chosen following Bjork-
en and Paschos.? Variations (within the parton
model) can be easily incorporated.

In Sec. II we give the elements of the model and
set up some of our notation. In Sec. III we give
the matrix element for the production through
pointlike interactions, and perform the spin and
polarization sums on the square of the matrix ele-
ment. Section IV gives the results of a numerical
integration of this latter quantity (multiplied by the
proper probability functions) to yield the angle and
energy distributions of the bosons, as well as the
total cross section, for different values of the bo-
son mass and photon energy. Conclusions and re-
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marks will be reserved for Sec. V.
II. THE MODEL

For definiteness, we consider W* bosons pro-
duced by scattering photons off a proton; a calcu-
lation with W™ replaced by W~ or the target re-
placed by a neutron would proceed along the same
lines. We treat the proton as consisting of point-
like particles (partons) which, in an infinite-mo-
mentum frame, interact freely with the photon. It
is then straightforward to calculate the matrix ele-
ment for the process

v(K) +parton (P*)~W*(Q) +parton (P7).
2.1)

K, P!, @, and P’ denote the four-momenta of the
photon, the initial parton, the boson, and the final
parton, respectively. As usual, we obtain the
cross section for the inelastic process (Fig. 1) by
substituting P!~ x*P, where x* is the fraction of
the proton momentum (P) carried by the interact-
ing parton; multiplying the square of the matrix
element by P(N), the probability of finding N par-
tons in the proton, and by f,(x), the probability of
finding a parton with momentum xP in such a con-
figuration; averaging over all N-parton configura-
tions; integrating over x from 0 to 1; and sum-
ming over all possible N.

To compute the cross section it is necessary to
work in a more specific model by choosing P(N)
and fy(x). Data on electron and neutrino scatter-
ing do not, at the present, distinguish among the
many possibilities.® We shall therefore adopt the
simple model of Ref. 4 in which the constituents of
the proton are taken to be 3 “valence” quarks of
spin % plus an infinite sea of quark-antiquark pairs
with equal numbers of each quark type, and a con-
stant joint distribution of the x*’s for all the par-
tons is assumed. The latter assumption leads to

Fale) =V =1)(1 =x)""2. (2.2)
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FIG. 1. The process y+p — W* +hadrons. where @, 9, 1 are the quark field operators (with
charges %, —%, —3) and 6 is the Cabibbo angle.

The justification for the use of the parton model
in this process will be discussed in Sec. V. Here,
P(V)= 1 ) 2.3) however, we should mention that our assumption

(1 -1n2)N(N -1) about the distribution functions is too specific at

this experimental stage to provide us with a test
of the model, and our aim is only to estimate the
inelastic cross sections.

We shall also take (following Ref. 4)

In terms of the familiar quark triplet, the weak
hadronic current is written as

J =Py, (1 —y5)( cosb+Asinde), (2.4)

III. CROSS SECTION FOR POINT PARTICLES

The matrix element corresponding to the sum of the three diagrams in Fig. 2 is given by

i - i i_ i - -
MY = Gy ec (K)e*4(Q) w(P) [Q Vall zﬁ)'(gg’u”fzpuh@ 1)(2Pu1 Egé ';%K)Va(l 7s)
+75(1 _75) (K- ZQ)ugaé +K6gau_12{;ﬁ“g +(@ _K)S(K° anu_chQu)]u(Pi)Jij’,
(3.1)
where
-5
Gy? =GTJZ_?Z , G =;27 (M, =proton mass),

JH=(j|17|i)cosbc+(jlU| i)sinb,.

Q' denotes the charge of the ith parton in units of | eI, and the polarization vector of the photon (boson) has
been denoted by €*(K) (¢ *(@)). We have assumed a point electromagnetic interaction for the boson with no
anomalous magnetic moment. Our units are in c=# =1, and the boson mass M, =1. It can be easily
checked that M*/ is gauge-invariant.

We take the square of the matrix elemenﬁ and sum or average over spins and polarizations, using

e!(K)ex" (K)~ —g",

@) Q)~ —g** +QQ°,

to obtain
i |Mij|2=..ezG_WzF(Pi QLK Q3| Jipe .
Jd» spins, pol. 16miz A 7 ) .
where

PP, Q' K,0)= (5" - @) Tr | P o0 Ll 1B 120, (@' 1NEP, 220, =901 =1

_,_,),6(1 _75)(K"2Q)uga6 +K6gom"Ka2§{u:Sg @ "K)a(K'quoc_KaQu)]
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(P M)[Q WPE+2P")yp(L=vs) | @' =1)7s(1 —v,) 2P~ 2Q¥~ Ky")
2K-P 1-2Q-P
o1 — (K_ZQ)ugéa +chg'Kng+(Q_K)c(K'Qg‘é_KBQu)
+y°(1 =)
2K-Q
(3.3)
We have put Pi-P? =M =M%,
The trace was taken on the Brookhaven CDC 6600 using the SCHOONSHIP program developed by M. Velt-
man, and some of the terms were checked by hand. The result is given in the Appendix.
In terms of s, ¢, and v, where (m =proton mass)
s=(P +K)?,
-(K-QF,
v=P- (K_Q)/m’
the differential cross section is (after replacing P? by xP|
do _-aG,? 1 t
dth 16 f (s — m2)y Z}(Z}F(xP Q' K, Q)]Jti‘z> P(N)fN(X)6<V +2mx>dx
Gy 1 (D FEP, Q' K, @) Ty Py, (3.4)
16 x*(s —m?fv § ¢ N ¥ :
with x = ~£/2mv and a =e?/4r. Within the model described in Sec, II,
<Z‘,F(xP Q' K, Q)| J”|2> =3FR=3%-3:FQ=39)+iN[FQ=3+FQ=7)], (3.5)
s

which is independent of 6. since the model treats the 9 and X quarks symmetrmally The replacement of
a quark by an antiquark changes only the sign of @¢ (however only an % or X can produce a charge = +1
particle). F(Q) is a shorthand for F(xP, @}, K, @).

With P(N) and f,(x) given by Egs. (2.2) and (2.3) we can perform the necessary sums over N:

22070 -2 () (25 -2 ) (3.6)
DNPWS) =i 6= X))

Substituting Eqgs. (3.5), (3.6), and (3.7) into Eq. (3.4) and expressing 2mv in terms of m,?, the invariant

TABLE I. Total cross sections in units of 10~% ¢m? for y +p— W* +hadrons, with My =5
and 10 GeV/c?. The last column lists the total cross sections (in same units) for y+p —W*+n
with the nucleons treated as point particles.

Lab energy of Inelastic op Inelastic o Elastic op
the photon (GeV) for My, =5 GeV/c? for M, =10 GeV/c? for M, =5 GeV/c?
100 1.15 0.11 0.83
200 2.15 0.58 1.35
400 3.40 1.35 1.83
600 4.24 1.92 2.06
800 4.87 2.39 2.20
1000 5.37 2.77 2.29
1200 5.79 3.11 '2.35
1400 6.15 3.40 2.40
1600 6.46 3.67 2.43
1800 6.74 3.91 2.45

2000 6.98 4.13 2.47
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mass squared of the final hadrons, through 2mv=m/? - m?~¢, we obtain

do’ aG,? 1 [ s s o L 1-% ( 2 - )

35 =73) -3 =3 Y -2 -—

dm,zdt 16(3 m2)2 xt [ZF(Q 3) Z-F(Q 3)] 2(1 —1112)(1 x)z In (1 x)

1 2 1 1 -X
+5[FQ=3%) +F(Q=§)]'(-i-:—1m:|. (3.8)
IV. RESULTS
The total cross section is obtained by integrating Eq. (3.8).° The limits on ¢ and m, are
tmax

=1-2Ky(q,tq),
tmin
mr*=Vs=1, mM=mim,,
where
_S+l-m?

CIo—'—Z/——S—', a=(q,

s —m?
P-1)2 Ky=—+=—, m,=7"mass.

2Vs

Numerical results (using Gaussian quadrature) with M, =5 and 10 GeV/c? for various incoming photon
energies are given in Table I.
" The total differential (in the energy and angle of the W boson in the laboratory frame) cross section is
given by

__do  _ 2 17249
Wdcose_4mE7(EW 1) dmdt’ 4.1)

where 6 is the angle which the boson makes with the direction of the photon, and E, is its energy in the
laboratory frame. The energy of the photon, E,, is of course given by (s —m?2)/2m.
Integrating Eq. (4.1) over cosé, we obtain the energy distribution of the W’s. The limits are given by

cosf™ =1,
08 6™ _2E, +m)Ey~[s+1=(m +m,r)2]
2E,(Ey* -1)'7
=37)
2 4x10 '
30 F
3
&E* o2 100 Gev ;\9
§ 5
< 2x10"
8
T =
5 Lt 100 GeV
s ®
- ©
o
10'35 1 1 1 1 1 1 1 L 1 1
08 167 10°  10° 107 10° 102 10 20 40 60 80 100
I-cos 8 Ew (Gev)
FIG. 4. The energy distribution do/dEy, of W* bosons
FIG. 3. The angular distribution do/dcosf of W+ for My, =5 GeV/c?, E, =100 and 400 GeV (the energy

bosons for My, =5 GeV/c?, E, =100 and 400 GeV. scale for the latter case has been divided by 4).
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|en

To obtain the angular distribution of the boson, we integrate over its energy with the limits
En‘;/ax 1

_—_— - 2 - 2 _de—AF 2qin2ght
_2(5+E,stin29)((E)’+m)[s+1 (m +m )] £E, cos6{[s +1 = (m +m,F] - 4s - 4E } sin6} /),

E ‘rynin

The distributions in angle and energy are displayed in Figs. 3 and 4, respectively.

As a check on our calculation and for purposes of comparison we have computed the cross section for
elastic photoproduction of W bosons, treating the nucleons as point particles with no anomalous magnetic
moment (the last diagram in Fig. 2 does not contribute in thislimit). The results are given in column 4 of
Table I. These were compared and found to agree with a similar calculation by Fearing ef al., who also

report on the effect of including the charge, magnetic, and weak form factors of the nucleons (see the third
paper of Ref. 3).

V. CONCLUSIONS AND REMARKS

As an attempt to justify the use of the model and, more specifically, the impulse approximation, we note
that the dominant contribution comes from the last diagram of Fig. 2, where the intermediate particle can
be very close to its mass shell. The situation is similar to inelastic photoproduction of massive muon
pairs, a process recently studied by Jaffe,” who shows that the leading process is the annihilation of a par-
ton from the incident photon on an antiparton in the hadron to produce the massive pairs (similar to what
Drell and Yan® find in pp —~ u*u ™ ++++). This approach can be directly applied to the photoproduction of
W’s, as time ordering of the last two diagrams in Fig. 2 will show. We assume, however, a simple struc-
ture for the photon, viz., quark- antiquark pair, much in the spirit which led us to choose the distribution
functions of Bjorken and Paschos.?

Figures 3 and 4 show that the W’s are produced mainly in the forward direction and carry most of the
available energy. From our experience with e-p scattering, we expect the numbers presented here to cor-
respond to the upper limits of the quantities involved, but the general shape at the angular and energy dis-
tributions should remain the same. The above cross sections may serve as a guide for the experimen-
talists.
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- APPENDIX

The computer output for F(P,Q%, K,Q) defined in Eq. (3.3) is (a=s —m?)

F(P,Q, KQ)— [az(Z 2m? = t) = 2a(—t +m? +1) +4m>(1 = m?)|

+—1;6(%%——-%1) [-a(t +2m?) = a(® +2tm? — t = 2m?) = £Pm? + 3tm® = 2t +4m>(1 — m?)]

(1 t)[ —2@2 — alt? + 3tm? = t = 5m? = 2) +2(tm?® - 2¢ +m?))

2
+%—(—1—;i’1))—2[a2(2 —t =2m?) = 2a(t? + 2tm® = 2t — 3m2 +1) = 1* = 22m® + 2% + 6tm® — | — 4]
a+t-

ﬁ—%[mf — a(t? + 3tm?® = 5t +2 — bm?) = t* = 32m® + 4% + 6tm?® + ¢ = Tm?]
-t)a+

t)z [22(2 - 1)~ 2a(f? = 3¢ +2) = 26°m® — 1* — 4t*m® + 108 +6tm® + Tt - 16m°].
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A representation of the forward Compton amplitude in which the A, meson breaks scale
invariance is shown to be consistent with existing data for the difference between the proton
and neutron structure functions VW§ —vW$4, while ensuring a finite proton-neutron mass
difference AM. The conjecture that W, = W + (+¥/g®) W,—~0 as v—w for fixed ¢* leads to an
expression for AM in terms of measurable quantities.

I. INTRODUCTION

We begin with the almost obligatory remark that
despite intensive study in recent years, the prob-
lem of the proton-neutron mass difference AM has
remained unsolved. The conjecture® that the elec -
tromagnetic interaction, in first-order approxi-
mation, should give a good estimate for AM led to
Cottingham’s? formula for the self-mass of a had-
ron, 8M, in terms of the forward amplitude for
Compton scattering. Harari® considered the ex-
change of Regge poles in the crossed channel, and
showed that the AI=2 mass differences are ade-
quately obtained from the Born terms in the Cot-
tingham formula, while the AI=1 mass differences
could have an additional contribution from the sub-
traction term for the T, (v, ¢%) amplitude, because
its behavior is dominated by the A, Regge pole.
Pagels®* showed that if the structure functions
W, (v, ¢%) and vW,(v, ¢%) are scale-invariant in the
Bjorken limit,® —g% - with w=-2Mv/q® fixed,
then the self-mass 0M diverges unless some un-
likely cancellations occur among terms in the Cot-
tingham formula.

We take the position that while divergent self-
masses are acceptable, a theory of self-masses
must predict the observed finite proton-neutron
mass difference. Within the framework of the Cot-
tingham formula, this means that the differences
Wt ~W7 and vW5 ~vW? cannot have a nontrivial

Bjorken limit if the proton-neutron mass differ-
ence is finite.

II. FORMULA FOR MASS DIFFERENCE

The formula for the self-mass of a hadron is
given by

ia (d*qT,(q,q°)g"
e (29w )E
oM @n)® q° +ie, )

where €*€T,, is the forward Compton amplitude
for scattering of photons of four-momentum ¢ off
hadrons of four -momentum P, and a=e?/4rw. T,
can be expanded in terms of two Lorentz-invariant
functions of ¢* and v = P-q/M:

- 1 P.q P.q
T,,(d,4° TF(PM “Z q“)<Pv 7 qy> Ty(v, 4°)

9,49,
- (e ")y ). @
The Cottingham formula is obtained by a Wick ro-
tation in the variable v, giving the result
_o (Tdg’ v= 2 ovt/2myi 2
=g [ [ v (gt -, 4,
@3)
where
T(v,q*) =T[4, %" . “)

Following Harari,® we assume a once-subtracted,



