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Summary. — The total cross-section for the production of charged vector
bosons by neutrinos in the electromagnetic field of a nucleus is calculated
for different boson masses and nueclei., The spin summations and one
integration are performed explicitly. For zero lepton mass near thresh-
old the cross-section is found to obey a §-power law. An explicit ex-
- pression for the coherent part by the cross-section at high neutrino energies
is given. For the incoherent contribution the Fermi motion of the nucleons
in the target nucleus is taken into account.

Introduction.-

he Brookhaven and CERN neutrino experiments and especially the first
ts of the Brookhaven group (*) have shown the feasibility of high-energy
riments on weak interactions. There is evidence for the muon neutrino
g different from the electron neutrino, but the question of the existence
termediate vector bosons (2°) is still open. But this question too may
olved in the near future.

‘aleulations for the production rate of the intermediate boson in various
esses have been performed by many authors, the production by high-
gy neutrinos has been calculated by LEE and YANG (2), LEE, MARKSTEIN

') Present adress: Institut fu_r theoretische Kernphysﬂc Technische Hochsv,hule

JES DanBy, "J.-M. GarLLARD, K. Gourianos, L. M. LepErMaN, N. MISTRY,
CHWARTZ and J. STEINBERGER: Phys. Rev. Lett., 9, 36 (1962). '
) T. D. Lek and C. N. Yang: Phys. Rev. Lett., 4, 307 (1960); Proc. of the 11960
Intern. Oonf. on High-Energy Physics at Rochester, p. 567, referred to as LY.
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and YANG (3), SoLov'eEv and TSUKERMAN (%), and by VELTMAN (). Th
process of the boson production by muons has been treated first b
and WALKER (%). , :
LY give the high-energy limit of the cross-section, SOLOV'EV and Tsy
calculate the high-energy behaviour by means of the covariant We
Williams approximation of Grrsov, Korxunov, OKUN and SEE
VELTMAN'S work generalizes the technique of high-energy Coulomb wa
tions (®) to the case of spin one particles. Our work is similar to the
lations of LMY, but whereas LMY compute the cross-section by intég:r
“each spin state separately by means of a fast electronic computer, 11;
purpose of the present work to do all the spin summations and as
integrations as possible explicitly. So we get formulae which can be .
evaluated. Near threshold the incoherent contribution is found to
Z.power law. The velocity distribution of the target nucleons in the -
is taken into account by integrating over the Fermi sphere of the n
Tor the coherent part of the cross-section ab high-erergies we give an*
expression which goes beyond the Weizsicker-Williams approximation.

9. — Summation over spins and polarization.
‘ . ¢

.We want to calculate the production of vector mesons (« Wbos

according to the two Feynman graphs of Fig. 1. The neutrino-lepton-W-

is assumed to contain a semi-weak interaction. The whole process shal

'\\\N o o
lepton™  wk .
A

vp\'/,”photon

O A A G
}q. - nucleus - ig ~ nucleus

neutrino ‘ neutrino

Fig. 1. — Feynman diagrams for W-production by neutrinos.
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ce in the electromagnetic field of a nucleus. Two different mechanisms are
nsidered: o

1) The photon interacts coherently with all the nucleons in the nucleus,
it interacts with the Coulomb field of the nucleus. This process is impor-
t at high-energies, where the momentum transferred to the nucleus is
dominantly small.

2) The photon interacts incoherently with the individual nucleons of

nucleus. This case is important near threshold, where only high momentum
nsfers are allowed.

We shall first calculate the cross-section for the neutrino incident on a free
cleon with anomalous magnetic moment. By summing over the Fermi
tribution of the nucleons in the nucleus we get the incoherent contribution,
ereas the coherent contribution is obtained assuming the nucleon to be
‘nitely heavy and replacing the nucleon form factor by the charge form
tor of the nucleus.

For the W and its interactions we use the following terms in the Lagrangian .
sity:

G:vG — M:U* 2 Uy G 5% (14 ) U, +

-+ herm. conj. of the last term ,

¢,=209U,-0,U,, 0, = 0[0w,— ied, .

re U,, »®, 9" are the field operators of the W, lepton, and neutrino,

pectively. We use the metric p?=p>+ p?, hermitian y-matrices, and
= Y172¥sY.- The coupling constant G is determined by the requirement
t the boson W should transmit the weak interactions (*).

V8G, = 4G M2,

ere (, is the vector coupling constant of u-decay. M is the W-mass, m is
mass of the nucleon.

According to the Feynman-Dyson rules, the cross-section is given by

B 64G2m2 1 Vol oz ik —q) .f
““_@w ZJ]“’{ >+JP+V”m—m2%}

(14 ys)ulg) e V(r {Fi(s2) p, + (9/2m) Fo(s?) 6,,8,} v
d3p d3p d3r’
Do 2ky. 7

5484g 5 —p— k)

T. D. Lee and C. N. YANG: Phys. Rev., 119, 1410 (1960); 126, 2239 (1962);
885 (1962); T. D. LEE: Phys. Rev., 128, 899 (1962). '
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The nomenclature of the respective. momenta is obvious from Fig. 1, ¢_is-
polarization vector of the W, s=17— r', @ =p—gq, and |

(4:) T _ i(agcf + QQQU/-ZV‘[z) (_ Q’; 5.““ + Q/,L 601‘ ]l‘uao"l.’ + /(’U 6#-:)

The rest mass of the lepton has been neglected throughout. We convenient]
split (2) into two parts, the contribution of the left-hand part of the Feynma

diagrams in Fig. 1:

o T@u i'}/(k q) :

= ‘ TUCv . ’W(k - Q)
| [w(P ) {% W 2pg) | = M — 2(qk)

7’:} (1 + ys)u(q)eg]

"~ and the contribution of the mucleon current:

© 8= mt 3 [P F, + gf2m) Fos) olril
B {Fuy, + (g/2m) Fao,, 5.} o(r)]

Performing the summations over the spins and polarizations in W, we get

(7) We=1Tr {;'/(VP)YQ'Q(—I + 95)(Y9) Yo Tor TW(M2 —2(pg)* +

+ 2@'(749‘)9/ 2(1 4+ y5) YD yey (b — @)y Lo +
° ° ¢ * (I — 2(pg)) (— M= — 2(gk))

‘ ) .,
-+ (yp)yu'y(q — k (1 + 75)(79)%:9’(41 )Vv (M2 ¥ Z(Qk)) }(6CT + 'C_M?) =

—2(p9)* 0+ 2(pk)(gk) (2P w8/ M* — O) + (r9)(%Q)? 3 M* —

— {2(gk)*pup» + 2(0K)* 94y -+ 21,.Q,(pq)(kQ)} M?] ( e __2(p R +
QO 8+ 3@k — 47,00} + (POBLE— D)+
+ (ARt + PPy — AP} + 2(pq)?6, — (D) (k)8 +

+ 2(qk)*{ Py P up} M2 4 2(pa)(qk)(QE)O o/ M — (pq)(qk)(2QJe,| M? + 0,) +

+ 2(pk)(g8){ 8o — D[ M — 0,0/ M2} (1= — 2(pq) (M* + 2(gk)) i
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+ [(pg) M28 s + 8(0k)(P Gy — Puks) — 2M2p g, — 4(p7)(4K) 0 s +
2

+ A{pk) (ak) O + B(gR)* D0,/ M* — 4(pO) (G’ W/M] (T 2(gk)?

The expression (7) should be symmetrized in x4 and », but for the following,
the form given is sufficient. '

) w=1T [wwwMWE+ﬂmn—wmmmw+f»
" (iyr' — m) {i(Fy + gFa)y, — (g2m) Fi(r, + )] =
= A4, + (B/4— Als*)s,s, + Br,r,— (B[2)(r,s,+ 7,5,) ,

9) | = (s2/2) (F'y + gF, ) B = 2F + (s¥/(2m?)) g*F; .

d3p d3k- d3r’
Po Ko ""tl),

1 -
[Wos Lovatr—p == 2

Wlth «=1/137, and W, S, given by (7) and (8).

wuv?

— Integration over the final momenta.

We now use the fact (*) that W,, does not depend on r and r’ separately, but
only on the combination s = r—'. Introducing a d-function (s + ¢—p — k),

1 «2G2 (dts d3r'
L ses— T,
(2%)2 [rg)] ) st g ot —r )

O'tot —

n ‘(1'1) we have pub
1 ds d*p d3k

W ., 04(s —p—k).
po ko F 43 (_l_q )

(12) T, =

The integrations over d*’ and ds, are used to eliminate the d-function
d4s —r-+ 7). In the special system r=0 one is left with

1 26 [d]s]*d(sq)
27 |(rq)| ) 2go7ost

( 3) Otot — uy

(") See ref. (7). Eqs (16) and (46)—(48) have already been obtained by A. POMPEIL:
esis (Cagliari, 1960), unpublished.
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Observing that in the system r= 0:

2 = §2 4 s'/(4m?),

(14) | 3 (sq) = (sq) — s*(rq)[(2m?) ,
' | qqr(', =— (gr) (1 + s¥/2m?) ,

one rewrites (13) in invariant form:

‘ . _( OCZGZ E
(15 ~ —— T,z
o o= g S Tl

where x = §2, y = (sq)-
On the other hand it follows from gauge and Lorentz invarian

(16) T

uy

(T, — T1)0,,— T18,8,[/s* +

+ 3 (To— 3T2){(s°¢,9,/(50)* — (5,0, + 5,4,)/(s

where T, and T, are invariants of the tensor T

(17) le‘ (82/(SQ)'2) TquﬂQv? T2: T‘u‘u'
From (12), 7; and T, are integrals over dap'and dsk Whichr can be evalu
analytically. Explicit expressions for 7, and T, are given in the Appen
Using the results (8), (9) for S, and (16) for 7, we get for the ma
factor of the 1ntegrand in (1 5) L ‘

_(18) S I, = (B3 4 29> Fy( 4m )
(L — ]2 + Balra)ly — 3009y + Tulme — alra)ly + a(ra)fy))
"I—Fi 29&'/2—2m)—{—00gF1112T2.

Equations (15), (18) and the formulae for T, and T, given in the Appendix :
our result for the cross-section for W-production on a free proton. In gener
the two integrations over z and y have to be performed numerically.. Ou
remammg task is the determination of the limits of mteglatlon in (15).
we look for the range of x=s*

We define t=p 4k, the momentum  of the particles produced in
process. Obviously #2<— M?. We express in terms of the variables an
CosS @ = 'ét and the constant quantities (gr) and m:

(19) = (g —1t)= |
= (2(qr)2 — 13(gr) + m*> — 2(qr) cos @ {((gr) — ?/2)* + m2t} ) [(m? — 2(gr)) -3

0422



PRODUCTION OF CHARGED INTERMEDIATE BOSONS ETC. - 865

he extremal values for o are reached for cosgp=-+1 and for the largest
gsible value of ¢2, d.e. for t2= — M=
The limits for y = (8 q) for fixed « and fixed (¢r) follow from

(q+5)2=2y+n=1t.

tote = (1 — (gr)/m?) @ & ((gr)[m?) (@* 4 4wm?)* .

M2 So we have finally

92) — 2(gr)? + M2(gr) — M*m> F 2(gr) {((gr) + M*/2)* — szm'z}%

min ) v m2— 2(q7‘)

Ymax — — (m_l_ MZ)/2 9
Yo = {@(qr)/@m2)}(V1 4 4m2[z —1) .

— The incoherent contribution to the total éross—section_s.

- In Fig. 2 we give the results of our numerical integration of (15), (18) for-
gthree different choices of the W mass: M= 0.6, 1.2, and 1.8 GeV. For the
f?nucleon form factors we used the formula given by LITTAUER, ScHOPPER and
WILSON (19):

0.558, . 0.29%p

e T+ tR2,

2.113%, . 0.09%,,
—'— tm X T ,, '

Fox)= 0.16 -
24) |
g:an(x) =—041 +

‘where ¢, = 0.346 m?, ¢, = 0.184 m®. The accurancy of our numerical integra-
tions is ~ 259. '

(19) R. M. LirrAUuER, H. ScEHOPPER and R. R. WiLsoN: Phys. Rev. Lett., T, 141 (1961).
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Using (24) for all @, the contribution of the region x> 35 fermi
the form factor is not well known experimentally, is <29, for M—_— 0
<69, for M=1.2 GeV and < 209, for M =1.8 GeV. The magnetic mor
and interference terms contribute (2() 35) for M=1.2 GeV and G <6

-3¢

10
— —-38
10k
5 M=06GeV, -
<
s L
3
P e //
S O
3 /
5 L
- /
o] /
Syt )
/
!
! o
!
ek I’ I | {
0.6 0.8 1.0 1.2 15 2 3 4 5

v laboratory energy (GeV)

Flg 2. — Total cross-section for a neutrino incident on a proton, v+p—>W+l—|—p,
three choices of the boson mass M. Full lines: proton taken initially at rest. Bro
lines: contribution per proton, when the initial Fermi distribution of the protons
' a nucleus is taken into account. '

The threshold neutrino-energy is
(25)- G = M(L+ M/2m)) .

It has to be recalled however that- we have always neglected the rest ma
of the lepton. The most conspicuous alteration of our results due to a fini
lepton mass is the displacement of the threshold. Therefore, in our formul
one should always replace M by M+ u, where u is the lepton mass. In (2
and also in (23) this already gives the correct result, whereas the chang
the matrix element is more comphcated see for instance eq. (A.3) and (
- of the Appendix.

Another -displacement of the threshold is due to the Fermi motion of t
nucleons in the target nucleus. Calling 7' the Fermi energy of the nuclet
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~ 0.04 GeV), the threshold is lowered to

M1+ M|@2m))
1+ Tjm + V2T |m + (T/m)?

ch Fermi —

leaves 'the'nucleus, we can disregard the Pauli principle. This will be true
for low neutrino energies. Then the main effect of the Fermi motion in the
nucleus is purely kinematical: we have to average over the velocity distri-

invariant quantity (gr). So we get the cross-section for an initial proton moving
with momentum r and under an angle § with respect to the incident neutrino,
if in Fig. 2 we take as abscissa

q[V1+ (r/m)2— (r/m)cos 0],

instead of ¢,. Introducing R = r/m, theintegration over the Fermi spherereads

( cos e)mn.x
(27‘)' - Overmi (§0) = zl\: dR szd (cos 6 cr[qo(\/l + R? — R cos 6)]
ﬁ QRm.\n
Here
- (28) o= ((Tjm) + 27)m)*

- i3 the Fermi momentum in units of the nucleon masgs, N is the number of
nucleons in the nucleus. '
The region of integration in (27)
- is shown in Fig. 3. For g <gy, the -
. region is bounded by a curve of type I,
- shrinking to zero for ¢= G rerm-
For g=g¢q, Wwe have curve IL. If
qu< 4 < qu(V1+ 0* — o), there is still
~ aregion of large backward nucleon mo-

1.0

. Fig. 3. — Boundaries for the integration
_ over the Fermisphere of a nucleus. w=¢:u/q,
_ where g is the W-production threshold
% for.a mneutrino incident om a free nucleon.

|

|

1

|

!

|

[
o . . R . - 1
' p'm is the Fermi radius in momentum 1'00 0.1 0.2 03 04 05

space. ' R/m

5425

pution of the initial nucleons. The total cross-section depends only on the -~
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inenta inside the Fermi sphere which give center-of-mass energies belo
duction threshold. Explicitly the limits in (27) may be written:

(29) (008 8)max = Max {Min (+ 1, — /R + V1 + 1/R?), — 1},
) w?—1
(30) | Roin = Min {Max (0, 5 ), Q} )
- where
“(31) ‘ ) w = gth/qo .

The integration in (27) are easily performed numerically, using a polynomi
fit to the data Qf Fig. 2. The results are given in the same Fig. 2 (broken curve

5. — Threshold approximation for the incoherent case.

In this section the integration over x and y will be performed explicitl;
for neutrino energies near threshold. Ingtead of (¢r) we introduce a quantit
defined by -

(32) | (qr>=—Mm(1+%)— .

If the initial nucleon is at rest, this is equivalent to -

(33)- - | | »Qo%%th+—£—m9

In lowest order of o the limits (22) of the z-integration become

 w M 2m
_M+m$ (M + m)t

(34) _ %y, MV2mo .
From (34) it is obvious that at threshold the range of the z-integration reduce
to the point ' ‘ -
_ Mm

= Mim’

(35) ‘ Tin

We now define two new variables £ and 5 by ~ -

(36) v =2y + &, Yy=— (m+ﬂ[2‘)/2+77'* :
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terms of £ the limits of integration (34), (23) become
) - 51,2=$“\/5) ‘ =0, M = Eor — 0
ere we have introduced

M+ 2
) ‘ ox = [+ mM\/AWb

(M + m)?

e see that » is always small of the order o. Accordingly we may expand the
integrand in powers of . The expansion of T, and T, ig given in the Appendix.
art from the factor »? in T, and T,, all other terms are slowly varying func-
sions of & and % in the region of integration. So we are allowed to evaluate
them for £=0 and #=0. For the total cross-section we get an expression
—;of the following form:
aVg 0
Otot == hf dé& fdnnz ,

—«1/0 E2jx2—g

;where o and « are given by (33) and (38), while h depends only on the choice
~of the boson mass. M: |

Gy 2R ' " R, M }
2

— —FZ‘—z_F‘& ' b (P, gF,)
137)2{ ( ! _l— 4 g ) mth +( 1+g 2) 2(@27‘)%113')“ !

40 b=
- dnV2(

R1 and R, are given in the Appendix, eq. (A.8). The integrations in (39) are
-readily performed, resulting in S )

320 q— quw\* . (Mm\* ([0 XM?
: = b Y gF=1.44-10-% cm? () (7
() o =gy o=t 0T em (1 GeV) ? (M) {( T

gZFg) . »

4m(M + 2m)
Mz

(@ 1)(@ + 2)* + (Fy+ gFy)2(a* + 207 — 307 — 8w + 8)} ,

;‘iwhele in the last 11nes, x has to be taken at threshold and in umts of M2,
_f_@ e. x=m/(M-+ m). We write (41) in the form

| g — gu\*
(42) | Tuor =4 (1 Ge$) ’

“where A is a function of the boson mass only. In Table I we give some values
é‘:‘for A. In order to show, up to which energies (42) represents a good approxi-
“mation of formula (15), (18), in B1g 4 we have plotted the results of our exact
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TaBLE 1. — Dependence of A (defined by eq. (42)) on the boson mass I,

M (GeV) - A (107%% em?) M (GeV) A4 (1079 em2)
0.5 21400 | 1.2 117
0.6 © 7770 1.8 8.39
0.9 , 710 3.0 ! 0.342

numerical integration of (15), (18), now as a function of log (¢ — ¢,). On

total cross-section{cm®)’

b ; | ! TR B B I | !

0.01 005 01 05 1 5 10 50
v energy—threshold v eneng (GeV)

Fig. 4. — Total cross-section for v+p—>W+1+p, plotted against ¢ — gy Full line
results of the exact infegration of eq. (15), (18). Broken lines: threshold approx-

. imation eq. (41).

energies (0.2--0.5) GeV above threshold. Of course, here the influence of the
lepton mass, which has been neglected in our calculation, should be taken 1nt0§
account. This may be done in a %tralghtfmward manner by calculating alsof

the terms neglected in (7). .
‘ Tf the cross-section obeys a power law as in (42), one may evén perfomi
the integration over the Fermi sphere of the initial nucleon states ana,lytlcally
The result is for our case (42) -

) 34 ‘ ‘ 2
(43) Cerm = 293 {(F++ G.)— (F_+G_)6 (1 o+ 92_ _ w)} ,

5428
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Where
4 14 35
F,= @Xﬂ 209 { Y dXL + - dtt"jt + d3X3 + 5 d“Xi} ,
2 X 2
G.=T W ds log RAESE :
, \/]a)~ 1]
1— 2w 1
d =—— X=(2+0+1—-w)p,
mQ is the radius of the Fermi sphere, w = g¢,/q, and
; [1, ' z>0,
) = | 0 | z<0.

— The total cross-section in the' coherent case.

If we want to neglect eompletely that the nucleus can 1ec011 as a whole,
‘we get the results for the coherent case by performing the limit m — co in
(15), (18), (22), and (23). Clearly, we now use the laboratory system where
(rq)=—mq,. T, and T, do not contain m, so we get instead of (18)

(45) lim 8,7, = mF{T,(1— 3wq/y*) + To(— 1+ @qo/y*)} .

m—>0

The limits of integration reduce to
mex = (o + Vg5 — M2)2,
(47) S Y= — @ M2, Yu=— gV

For the form factor ¥, we now have to use Z- I (x), where F(x) is the Fourier
transtorm of the nuclear charge distribution. So, finally we get

48 coh = ——— Fex)|dy | T, (1 — T — 14+ =2}
, ) ’ 8\/2752(137)2f(€lo$)2 (m)f yl y* T % y*

The nuclear form factor F(x) is unit for # < B2, where R is the radius of the
nucleus. For z> R-2 the form fa_étor depends sensitively on the exact shape

f the nuclear charge distribution, which is not well known. So the results
“for the coherent cross-section become dubious for low neutrino energies, where
e > B2, Approximating (46) by =z, = (M2/2¢,)?, this means g,<< RM2/2.
or copper and M=1.2 GeV, one has R-M a 35, which means that the co-
erent cross-section for ¢,<<21 GeV is determined only by the unknown tail
f the nuclear form factor. Of course for these neutrino energies the allowed
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momentum transfers are so large, that the cross-section will be to a 1
degree incoherent. ‘

In our numerical evaluation of (48), we used the trapezoidal model for 4
nuclear charge distribution. The corresponding form factor has been gﬁ}éﬁ
by HErMAN and HOPFSTADTER ('!): ‘

12

(49) P(@) = — p C‘l {77@ sin (ng) — ¢ 8in{ + 2 cos (nf) — 2 cos C} :
With'

[ =RVzm , R= 37» (5.09 A% + 7.13) ,
(50)

 5.094% —7.13
1= 5094+ 7.13

In the region of ¢,, where z, ~~ R~2, we find that o does not increase monot
onically with ¢,, but shows deviations of the order of a factor 2 from ar
average curve. This is due to the oscillation of F(z) for x> R- 2, One mas
regard ¢ as uncertain at least to this order. Our results are plotted 1
Fig. 5 and 6. Co

It should be noted that the integr atlon over y-is independent- of the nucl
chosen. If we measure ¢, in units of M, it is also independent of the mass
the boson. This fact reduces considerably the amount of numerical work f
be done. Omnce the integration over y has been pérformed for the relevant val
of , for each nucleus and each value of the boson mass only a single numerica
integration is needed in order to get the total cross-section.

We have seen that z < M2, for the region where the order of magnitud
of F(x) can be deduced from existing experiments. So we may expand th
integrand of (48) for all cases of interest. Then it is possible to carry out th
integration over ¥y analytlcally We find (with a = go\/2/M2) :

’ '—(x—}‘Mz)I" - . ' M4
—fdy{ (=), (2 20
Y
5 13\ 35 .20 1
=_13__ﬂ——+(11+i§)a + 21D 4 (2a)+
L (6 a) log (2a) + {'— P tda 34— 4log (w/M%)} log (20) +

- {16 . 4 M2(2a—1)
+(—3‘“ —8“+3a)10g_w-u y

P, 18 the dﬂogarithm Fi(2) = 2"[n? for blz\< 1.

n=1

(*1) R. HErRMAN and R. HoFsTADTER: H igh-Energy Scattering Tables (Stanford, 1960)




Fig. 5; — Coherent contri-
bution to the - total cross-

section for vA§3Cu—W4

+1453Cu. Full lines: com-

plete formula (48)." Broken .

lines: high-energy approx-
imation eq. (52). The defor-

mation of the curves is due

to the use of an oscillating
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Now this has only to be folded with the square of the form factor divided';
by «? in order to get the coherent cross-section. For very-high energies the
main contribution comes from the region # < R—2, where F(z) ~ 1. Putting\;j
F(z) =1 and using R~ for the upper limit of the integration (in the exponentia] -
model we have R;——E/\/ﬁ, where R is the radius of the nucleus ®)), we are.
able to perform also the integration over x. The resulting formula may be"
expanded in powers of ¢, without introducing new errors, as has been checked
by comparison with the exact numerical integrz’ution of (48). The result is“l
(with o= 2¢,/RM?) ' '

(52) Ocon = ZZ GV {2

—_— —logﬂoc—i—glog%c—l—
4V2 (1372 13 ° 6

392 152
+(——+ +—1og(RM))logoc+(——5+ )10g(RM)?—

12 40 133 - {1 1 1
. —_— -2
32,1(3 1o 5.32’—'1—. )} +0(q log q)

In the highest term of (52) one recognizes the extreme relatwlstle approx-
imation of LEE and YANG (?). It is interesting that even at ¢,—=2000 GeV
“(for Cu and M=1.2 GeV) this term amounts to only 15% of the whole
expression (52), due to large numerical factors in the other terms. }

A similar explicit calculation has been done by S0LOV'EV and TSUKERMAN (%). -
These authors take the lepton mass different from zero, but they use a co--
variant Weizsiacker-Williams approximation (?). In our notation, this approx-
imation corresponds to meglecting T and to approximate T, by its value for
= 0. This however, gives only the leading term of eq. (52) correctly. Their
result —1 for the coefficient of log? & (in our notation) is obtained, if in eq. (A.11)
we Would be allowed to neglect everything except — y/2 — 2y log (— 2y).
The contribution of (4/y + 4)log ((1+ 2y)/#) happens to cancel in the order
log?«, but there is a contribution from 2/y2log ((1 -+ 2y)/ )s which may be
regarded to be due to very small values of #, with y close to — {. The corre-
sponding change in the high-energy formula is quite appreciable. '

Our formula (52) reproduces the results of the exact integration dewn to

— RM* within 409%, as is shown in Fig. 5. ' a

7. — Conelusions,

The production- of ‘charged W-mesons in the electromagnetic field of a
nucleus is.in general due to coherent and incoherent contributions. In addition
the nueleus may be left in an excited state or even addltlonal partlcles may
be produced ‘
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At very-high energies the process is expected to proceed mostly through
the coherent mechanism. Our explicit caleulation in Section 6 shows that the
Weizsicker-Williams approximation, even in the covariant form, is not suf-
ficient for the derivation of the high-energy cross-section. .The dependence
of the total cross-section for the partial process v+vy — W41 on the photon
« mass », which is neglected in the W.-W.- -approximation, enters already in the
term proportional tolog*(2¢,/RM?). Only the term proportional to log? ( (2q¢/ RM?)
which is numerically unimportant up to neutrino enérg-ies of more than 10% GeV
is given correctly by the W.-W.-method. Instead our exphclt formula (52)
can be used down to about 50 GeV.

For the region between 5 and 20 GeV (12) it is d1ﬂicu1t to make a reliable -
prediction of the cross-section, because the coherent part is still very important
but it depends sensitively on the unknown tail of the nuclear form factor.

For neutrino energies below 5 GeV the incoherent part dominates, but
nuclear excitation and additional particle productlon may play an important
role. For these energies the Pauli principle should be taken into account.

Only very near threshold, where experiments are actually done, the mo-
mentum transfer to the nucleus is always larger than thé Fermi momentum
of the nucleus, so that we may neglect the effect of the Pauli principle. As has
been shown in Section 4, it is a simple matter to account for the Fermi motion
in the initial nucleus. As in the high-energyv‘case, also at low energies a closed
expression can be given for the total cross-section. In Section 5 we found
that near threshold a & -power law holds if the lepton mass i§ taken to be
zero. Our exphelt formula (41) gives the cross-section near threshold as a
function of the W mass in the approximation of neglecting the muon mass.
Work to include a finite muon mass into the threshold formula is in progress.

The author wants to thank Prof. R. Garro and Prof. N. CABIBBO for
useful discussions. Part of this work was done while the author was at the
Institut fiir Theoretische Kernphysik, Karlsruhe. The author is grateful to
Prof. G. HOHLER for his interest in the work. The numerical calculations were

performed on the electronic computer Zuse Z 23 of the Instltut fur angewandte
Mathematik in Karlsruhe /

(**) For M~1.2 GeV. TFor lower values of the 'W: mass: the relevant neutrino
energies are correspondmgly lower, ‘
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AP'PENDI'X

In this appendlx we ealoulate the quanmtles T, and Tz, which are deﬁned ax’

d3 d‘”‘k
= me%m6@+q oLt
: . pO 0
(A1) | and
SR SR G (e ; d3pd3k
— 4 — —
12—2mﬁ%ﬁ(&+q S

The integrations.are most easily perform,ed in the system p+k=s-{gq =
Only the integration over (pq) is nontrivial. For T, we get

. P ‘ kel
A.2) o Ty =Wy

&2 L ) .[ ”“q&po+—ko

» “WPI% B ) ‘ .

@hd an analogous expression for Tl-. (A.2) 'may be rewritten in invariant form:

T’z’ =T Wllud(pQ) ’

o 1+ M2 (x+20)) ’ ‘

where we have put =s2, y=(sq). If one does not Want to negleet the muon
mass 2 the limits of the 1ntegrat10n over (pq) are to be substltuted by

43) (O = (FVE T @t 2),

Yy
2(x +2y)

with 2 = @ + 2y + M2 — pe.
Now W..4q,q, and W,, are to be calculated from (7), using

(Ad4) . (pk)y=(M2+ )24y, (gk)=—(p0)+ Y.

The -inﬁegraﬁioh_ever (pq) ~ea,n‘,]t)e performed aﬁa,lyfieally; resulting in

\ 2'- 4-.22, :
A5 TSt M ($_4Mw a_c__szﬁLmM)__

Mo—20y—4y "  y 2y oy | Ay ,
w  4AM* w® @  BMm oM* Mew
“art Ty Tty oy T Ty T vz
R j&[“a} :3 jﬂlfzv2 2 : T M2z oo : 2(ag.+_-2@/) L
_+_ ( 2/4 8 2/3 2@/2 _F' 4ﬂ/2 ) (¥§ Mex — 2aqy.__ 42/2 _F

o (_ 2 M2 M“w) log (M2 4 2y)(x + 2y)

92 + e Mex ’
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N .
I O L R

2 3y 2m—l—y_4m+2y—l—M2 M2y

A.6 T, =—— —
(4.6) 2 Mz_}_2M2 x4+ 2y M2+ 2y 2(w—l—2y)2+
v+ 2y + M2 [(4y? 2wy x?
T M2z — 20y — 4y° (Jl[2 T - +8M2_§M2) T

x+ 2y 4 M2 x? br 2M3xr—2M* M2z 4 2y)
N Sl I Rl it
+( M R +4M2y 2y+, Loyt )logMzw—Zmy 4y2
2 4 __ 2
n (4 . 4M L 2M 22M2m> log (M + 29) (@ + 2y)
y Yy Mz

Both 7T, and T, vanish for y= — (x+ M?)/2. In Section 5 we need the

expansmn of T, and T, in the neighbourhood of y=— (& +M*)[2. Putting

— (v +M2) /2 + %, we find in lowest order of n
(A.7) T, —Rln , T, fRzn ,
- with

+ -

(R, = — d(z+ M)+ 20 (),
(A8) 1\ R, — (o4 M2)(at &+ 2205 — 3 M4 — 8 Mo+ 8 M) /(M 0w2) .

If the muon mass w is not neglected, the logarithms in (A.5), (A.6) read

: L w2y +nE— C e+ 2y —nt4w -

: (A.9) - 'lolgm—{—2y_+n2+w: and IOgm'—FZy;—W—

 with o
w—N/(w—l'—.‘zy—l—M2¥y2)2+4y2(x;|—2y) and 'nz—(Mz 1+w/y

If = is amall with respect to M3, in our reglon of 1ntegrat1on (46), (47),
~ the following apprommate formulae hold :

A20) - Ti=ayrefy,

i frzy‘@‘iﬁ o
2 1--2
+( 2y+3+ + )1og( )+(4+ + ) 2y + 2y).

04

In the last two formulae, M: has been taken to be unity.

RIASSUNTO (M

~ Si calcola la sezione d’urto totale per la produzione di bosoni vettoriali carichi da
~ neutrini nel campo elettromagnetico di un nucleo, per differenti masse bosoniche e
_ diversi nuclei. Si'eseguono esplicitamente le sommatorie degli spin ed una integrazione.
-~ S8itrova che, per massa leptonica nulla presso la soglia, la sezione d’urto obbedisce ad
¢ uia’legge esponenziale in Z. Si di una espressione esplicita per-la parte coerente della
sezione d’urto alle alte energie del neutrino. Per il contributo incoerente si tien conto
del moto di Fermi dei nucleoni nel nucleo del bersaglio.

(*) Traduzione a-cura delia Redazione:”
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