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Summary. — The cross-section for production of v-5 pairs by high-
energy leptons in the nuclear Coulomb field is calculated in the standard
theory, allowing for arbitrary polarization of the incoming lepton beam.
The differential distributions of the outgoing charged lepton are studied,
showing that the scattered lepton peaks at low energies and emerges at
appreciable angles. Incoherent contributions to the cross-section are
also discussed.

PACS. 13.60. — Photon and charged-lepton interactions with hadrons.

1. — Introduction.

The trident production of neutrino pairs by high-energy leptons in the
nuelear Coulomb field has been studied in the last years as a possible way to
look for the number of lepton generations (*-*). In general, the nuclear coherent
process

(1) U(ps) + “Z(P) — U (pa) + 9(Ds) + v(ps) + “L(P")

is mediated by both neutral-current and charged-current weak interactions,

() Wu-K1 Tu~NG: Z. Phys. C, 4, 307 (1980).
(*) A. Prcm and J. BErNaABEU: Z. Phys. C, 14, 21 (1982).
(®)) V. BArGER, W.Y. Kiune and R.J. N. Puirrips: Phys. Rev. D, 25, 677 (1982),
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268 A. PICH and J. BERNABEU

when v refers to the doublet partner neutrino of the incoming lepton. Using
the ¥V — A character of charged currents, it is immediate to prove the suppres-
sion, by lepton mass factors, of this contribution for right-handed helicity
of the incoming negative lepton. Therefore, selecting lepton beams with the
appropriate helicity, the process (1) is described by an ineoherent sum of neutral-
current exchanges for each of the neutrino species.

The total cross-section for right-handed incoming leptons has been studied
recently (?), in the high-energy limit, obtaining analytical expressions for the
virtual-photon mass distribution. Numerical estimates of the unpolarized
cross-section have also been given, by using the equivalent photon approxi-
mation (3). This method seems to work quite well for incident muons, but
it does not for electrons by as much as 70 %, (4).

In this paper we perform a detailed study of the process (1) allowing for
arbitrary polarization of the lepton beam. For left-handed helicity, the charged-
current contribution can be related to the neutral-current one by a Fierz trans-
formation. Furthermore, aside of factorized constants, the neutral-current
contribution comes out to be helicity independent, so the polarization de-
pendence of the cross-section amounts to a global factor only. We calculate
the differential leptonic distributions. Our results are similar to the ones pre-
dicted (*) by the V — A—with only charged currents—, showing that the scat-
tered lepton peaks at low energies and emerges at appreciable angles. These
features are of importance in order to be able to separate in an actual experiment
our process from the enormous background.

Noncoherent nuclear contributions to the cross-section are also discussed.
While the corrections induced by the quasi-elastic peak show to be of some
relevance, other possible contributions result negligible.

2. — Amplitudes.

The lowest-order contributions to process (1) are given by the diagrams
of fig. 1. Charged-current interactions (diagrams 3)-5)) are only present when
the final neutrino is the doublet partner of the charged lepton, whereas the
neutral-current ones (diagrams 1), 2)) give the same contribution for each of
the neutrino species.

We study the process in the high-energy limit (¥, >»> m), and take the contact
limit for the two weak currents. This is justified by the fact that the present
and near-future muon beam energies are still too low for the manifestation
of boson propagator effects. Diagram 5) is suppressed because it has an extra

(%) A. Prcu and J. BErNaBEU: J. Phys. G, 8, L65 (1982).
(*) K. Fungawa: Aan. Phys. (N. Y.), 68, 102 (1971).
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Fig. 1. — Feynman diagrams contributing to leptoproduection of neutrino-antineutrino
pairs in the nuclear Coulomb field.

heavy-boson propagator. The amplitudes are then given by

R s
o E e e =
S A=

where the matrix elements of the leptonic amplitudes are

Loy = Uu(py) yo(v — ys) (@1 + Q) yutu(py) 5
Lis = wW(p:)yulP: — 4) yo(v — ys)u(py)
N =a(pd "1 + y5)o(ps)
3) Lu = u(pa)ys(1 + y5) (B2 + D) yuru(p),
Lis = 0(po) yu(@. — 9)yo(1 + 5) 0(ps)
NG =u(p)y"(1 + y,)v(p,),
Ny =u(p)y' A + y)u(p,) .
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g¢ = (P — P")# ig the virtual-photon momenta, F(q?) is the nuclear form factor
and v is the vector coupling of the Z° boson to the charged lepton. We have
assumed the nucleus to be spinless in order to write the matrix element of the
nuclear current.

With vertices of vector character there is conservation of helicity for E, > m,
8o the charged currents are suppressed for right-handed helicity incoming Ieptons.
For left-handed helicity, it is possible to relate the charged currents with the
neutral currents by a Fierz transformation. We obtain (see appendix A)

2
NS Ty = o N Dbt

—]
2
11—

NiL ey = NOL | pmy

As a consequence, neutral-current and charged-current amplitudes are related by

465, Oy
(5) ch — TT Tno 9

where { and {’ refer to the incoming lepton and the charged partner of the
outgoing neutrinos, respectively.

The neutral-current contribution to the cross-seetion, 7'
the following result:

=1T 4+ T, gives

ne

(P + P)P + Py A% By,

(6) T2 = 16(v + 22) (Z"z G)2 | F(g*)]*

2v2] ()
where the tensor A° ariges from the product of neutrino currents, given by
(M A% = pIp? + p3pg — 9°%p, ) + 1P, Dy,

whereas Bus, is a sum of three terms:

B B,
8 B v — bilof VO +
®) woe = (o F ) —mo | (02 — @) — m)?
+ B;?")’UQ

(21 + 92— m?) ((p,— 9)>*— m?)

obtained from the electromagnetic and neutral weak current vertices of the
charged lepton. The three terms of eq. (8) are associated with the amplitudes
T,, T, and their interference,
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3. — Cross-section.

The cross-section of process (1) can be written as

(ZaG)?

4
2 U E,n - 8in Ow-

(9) o({™Z = L Zwvy) = 011

[ &P |F@)) , N
f o gy E T EWE Y5y, 0)

where M, (p,, q) plays the role of the leptonic electromagnetic tensor

d3p, d3p, d3
(10) M u(pyy q) f 2Epz 2E: 2EP4 O(p1 + ¢ — Pe— Ps— P4) A% Buyoo
and
. 1+ 25¢,g' 2
(11) O = (1 — 03,—% m

To proceed with the evaluation of M,,, we introduce a set of invariant
variables

12) x=—q°, 2= (p1°q) , @5 = (P:*q) , 2= (Pa"q) s
=(P1'D:)s  Ce=(P1'Ps), @ =(p;-P),

in terms of which we write the invariant integrands.

Since the neutrino pair is not detected experimentally, it is convenient to
start with the integration over the four-momenta p, and p,. The only dependence
on these variables is through the tensor 4°, and it is obvious that these integ-
rations can only depend on the Z° four-momentum k¢ = (p, + ¢ — p,)4, so
we have

(13) fgé)a (2115;46 s + po— k) Ao%e= a,g°¢ + a ko ke,

where a, and @, are invariants. Note that I°¢ is symmetric. The piece of M,
relevant in eq. (9) is its symmetric part. In the three terms of By, the sym-
metric part under y <> v exchange has an helicity dependence which is anti-
symmetric under o« ¢ exchange. Under contraction with I%, we conclude
that the symmetrie part of the electromagnetic tensor M,, becomes helicity
independent. T
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To evaluate the coefficients a,, it is necessary to calculate only certain
combinations of the I° components, s.e.

1 k2
1 Iog— Z(?h—k)z DroPreloe,

= 1 Joeo
a, = W)—z DroPre

a,=
(14)

The p, and p, integrations are easily computed in the centre-of-mass frame
of the neutrino pair (k= 0, § =%, $,plane (y = 0)) and we obtain

(15) Ire = Z (ko ke + (0— 2(0,— 5 — 1) g°0) )

The k°ke term can be neglected when contracted with By.e,, because it leads
to a term proportional to the lepton mass. We then have

ds
(16) Moo(ps, ) = [ 527 (52— 2s— 31— ) B
Ag pointed out above, the relevant part of M,, is helicity independent, so
we recover the results of ref. (2) for the total cross-section and the virtual-photon
mass distribution. We must only include the C,,. factor of eq. (11) or, if we
sum over all neutrino families, we just multiply by

an g, 7 =3 0= (¥ —1) (1 __5g,_—L)2 n (1 _ 8 )2,

2 8in?fy 2 8in20y,

where N is the number of fermionic generations. For A = + }, g(N, 1) =
a8 it gshould. The cross-section is thus given by

(18) oi-+2Z >+ 7 4 2w = g(N, A6, Z2 B, -

|Fw1| {Z(@,) + In 2B,V /m?)},

\/_1
where
1
Z(z,) = — 35[24 — 10m?/m, — (1 + 2m?*/2; — 20mA/at) 5 (; - 1)
(19) f=@1 -+ 4m2fz,)t,
’ 2
o= 22 et
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Fig. 2. — Normalized cross-section (¢ = o/¢(N, 1)) as a function of the incoming energy.

The different curves correspond to electron over 28Pb (———), muon over 208Pb (

electron over %Fe (——-) and muon over *Fe (— — —).

The integrated eross-section has the following behaviour with the incoming

energy:

(20)

0= g(.N, Z)GoEl(a + ﬂ ]n (2E1/m)) ?

where «, § depend on the target and on the incoming charged lepton. We have
evaluated these cross-section coefficients using the experimental nuclear form
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factor (¢) for *Fe and 208Pb and the current values of the weak interaction
parameters (7). The results are given in table I for incoming electrons and
muons.

TaBLE I. — Parameters of the elastic («, 8), quasi-elastic (y,n) and total cross-section
(4, B), for the different cases we have considered. All values are given in GeV.

o v A 1] 7 B
my,, *$Fe — 563.8 — 76.7 — 640.5 106.8 18.2 125.0
m,, 5¢Fe — 607.7 — 135.2 — 7429 106.8 18.2 125.0
My, 2%%PDb — 3947 — 242 — 4189 692.6 57.4 750.0
m,, 298Pb — 3698 — 426 — 4125 692.6 574 750.0

In fig. 2 we plot the ratio & = o/g(¥, A) for the resulting cross-sections as
functions of the incoming energy. The polarization effects are described entirely
by the factor g(N, A). For three generations, we have

(21) 93, H=3, 9B —1=3325, §@E)=1812.

We conclude that, if the number of generations is not very large, the charged-
current contribution is dominant for left-handed helicity. For unpolarized
muons at 300 GeV, and assuming three generations, the cross-section is 6.6-
-10—% ¢m? for **Fe and 4-10-3% cm? for 20Pb.

4. — Energy spectrum.

To extract the differential distributions of the outgoing charged lepton,
we have to change the strategy based on the global properties of the electro-
magnetic leptonic tensor M,,. To proceed with the differential distributions,
we start from eq. (16), inserted in eq. (9).

We perform the p, integration in the laboratory frame, but choosing an
special orientation for the axis: P =0, (p, + q)|%, g€ plane (y = 0). It is
convenient to change the variable #; by the new one # = #; + #;. One obtains

&p, _ 7 ap a3
22) 2B, vw ° 2=’

W = (¢ + B)*— 20, + m—m? .

(®) G. Ky, H. Frang, W. Scatrz and H. TurisseN: Z. Phys., 265, 401 (1973);
J. HE1SENBERG, R. HOFSTADTER, J. C. McCarTHY, I. Sick, B. C. CLARKE, R. HERMAN
and D. G. RavENHALL: Phys. Rev. Lett., 23, 1402 (1969).

(*) 1. Liepe and M. Roos: Nucl. Phys. B, 167, 397 (1980); J. E. Kin, P. LANGACKER,
M. Levine and H. H. WrLtiams: Rev. Mod. Phys., 53, 211 (1981).
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In this frame, only x; depends on the azimuth ¢,, so the ¢, integration is im-
mediate.

The P’ integration is also made in the laboratory frame, but with the ordinary
axig orientation, i.e. P = 0, p,|2. We have

(23) P T du,ds, .

To obtain the phase-space limits is a very tedious process, and it is outlined
briefly in appendix B, where the integration limits for #,, ., E, and 2 are given.
The kinematical upper limit for #; is not effective, becaunse the presence of the
nuclear form factor in the virtual-photon mass distribution limits z, to small
values.

It is possible to get an .analytic estimate of the high-energy tail of the energy
spectrum for zero-mass leptons. In this ease, the integration limits reduce to

(24) 2~ ux,B[H, zZ~m,, @~ 1o, %y ~ Ey\/o,

so, for B, > m, (x>}, we obtain

do

(25) iz, (2) ~ g(N, ) 60 f(By/ B, — 1)(1 — E/EY)

where § is the coefficient of the logarithmic term in eq. (20).

The energy distribution is strongly peaked at low energies, where the esti-
mate (25) is not valid. We have evaluated the spectrum numerically, for in-
coming muons and electrons on 3*Fe. The resulting distribution is plotted in
fig. 3 for incoming energies of 100 and 300 GeV. We have drawn the function
G(E,) = (do[dE,)(A)[g(N, ). For outgoing energies larger than 1 GeV, we find
a similar behaviour for muons and electrons, though with slightly larger values
in the latter case. In this range of energies, eq. (25) is a good approximation.
One sees that the maximum value of the distribution appears very close to
the lower limit of E,, §(¥,) falling rapidly to zero for E, = m. For the two in-
coming energies considered, the maximum for §(E,) occurs at values of E,
around 600 MeV in the muon case and 3 MeV in the electron case.

The mean values for E, are given in table II. One notices that the charged

TasrLe II. — Mean values of the outgoing energy E, and the dispersion angle 0,, for in-
coming energies of 100 and 300 GeV.

{By» (GeV) <8,> (degrees)
E, (GeV) muon electron muon electron
100 12.7 6.2 3.0 13.8

300 30.7 15.6 2.9 10.7
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Fig. 3. — Energy distribution of the final charged lepton. The values of &(H,) are
given in 10~ (GeV)~® for electrons of 100 (—.—.— ) and 300 ( } GeV, and
10718 (GeV)~® for muons of 100 (— — —) and 300 (——-) GeV.

lepton losts a big amount of its energy during the neutrino-antineutrino
radiation process. This fact helps for the detection of the process through the
low-energy outgoing charged lepton, because the main background mainly
produces energetic charged leptons.

5. — Angular distribution.

To obtain the angular distribution of the final charged lepton we work in
the laboratory frame, referring the g,-direction to the axis defined by the
incoming lepton, i.e. we choose P = 0, p,|2. Taking into account the cylinder
symmetry of the collision process, we have

(26) s, 2lps| 4B, d(cos6y)
2F, ﬂpzl 2 2) .
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The angular dependences come from the invariant z;, given by
(27) z5; = B B, — | pi| |p»| cos 6, .

To perform the P'-integration we take a different axis orientation, choosing the

frame P =0, (p, — p.)|%, p.<cplane (y =0). It is convenient to substitute
xz, by the new variable y = z, — x;, so

=P’ n de
— = ——=dndy =
2B oMvE 2w’

(28)

56, (107 cm?)

L
0.985 0.990 0.995 1.00
cos 02

Fig. 4. — Angular distribution of the final charged lepton for electrons of 100 (—.—.— )
and 300 ( ) GeV and muons of 100 (— — —) and 300 (---) GeV.
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where H = (E, — K,)* -+ 2(x; — m?). The only ¢-dependence comes through
x; and this integration can be made analytieally. The phase-space limits are
given in appendix C.

By performing numerically the integrations over x,, K, and gy, we have
studied the angular distribution behaviour for incoming muons and electrons
on %Fe, at incident energies of 100 and 300 GeV. The results are given in
fig. 4, showing the quantity &(0,) = (do/d(cos 6,))(4)/g(N, 1). As expected,
the angular distribution is strongly peaked in the forward direction. Never-
theless, one obtains appreciable mean values for the dispersion angle, as shown
in table II.

6. — Quasi-elastic contribution.

The results discussed up to now come from the agsumed dominance of the
coherent nuclear proeess. There are additional contributions coming from the
nuclear excitations induced by the virtual photon. We discuss here the cor-
rections due to the quasi-elastic peak contribution. This corresponds to the
incoherent interaction of the virtual photon with the individual nucleons. One
needs in the hadronic vertex the matrix element of the electromagnetic current
for a spin-} particle

(29) Ty = P (7 Fule) — i 5 Fie)) uP),

where the notation is conventional and M is the nucleon mass. The dominant
contributions come from the virtual photons with , ~ 0.1 (GeV)?, so the
2, < ®; (i>2) approximation, used in the calculation of the leptonic tensor,
remains valid. On the other hand, one cannot neglect any longer the virtual-
photon energy ¢° = — 2,/2M. We have used the dipole fit for the Sachs form
factors (8) of the nucleon and the results for the virtual-photon mass distribution
are given in fig. b, as

- . da,
(30) @, 6,(a1) = @ iz, / g, 1),

where the subindex = refers to the nucleon considered, either proton or neutron.
As seen, the neutron contribution is much smaller than the proton one and we
can safely neglect it.

The contribution of the nuclear quasi-elastic peak to the cross-section of the
process is then

(31) o, = Zo,~ g(N, 1) o, By(y + 7 In (2B, /m)) .

qe

(8) M. GourpIin: Phys. Rep., 11, 29 (1974).
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X [(G eV)2]
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Fig. 5. — Virtual-photon mass distribution of the quasi-elastic process. The different
curves correspond to incoming electrons of 100 (— — —) and 300 ( ) GeV over a
proton, incoming muons of 100 (—--) and 300 (—.—.— ) GeV over a proton, and in-
coming electrons (—.-—-..—) and muons (----- ) of 300 GeV over a neutron.

The values of the coefficients y, # are given in table I and when compared with
eq. (20), the sum of coherent and incoherent cross-sections has the same de-
pendence with the incoming energy, with the substitution o« > A =« + y,
f—>B=§+n.

As expected on physical grounds, the modification introduced by the quasi-
elastic contribution is more important for *¢Fe than for 208Pb. It is somewhat
more relevant in the muonic case than in the electronic one. At incoming
energies of 300 GeV, the quasi-elastic cross-section represents 189, for muons
and iron, 129, for electrons and iron, 119, for muons and lead and 6%, for
electrons and lead.

7. — Inelastic corrections.

It is known that the deep inelastic contribution to the process under study
is negligible (°), but there are other intermediate regions which are worth to
consider. We study the region of small @, values not included in the quasi-
elastic peak, for which the nuclear excitation energies »= —(Pqg) = — Mq*=
= Mw are not linked to x,.

In this region one can use the retarded dipole approximation, relating the
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hadronic structure functions to the photoabsorption cross-section

2

¥
(32) Wi@,, v) =~ m W@y, v) =

K4
2
(2n)2a07(v)1F(w1)| M
The form factor F(x,) is needed to cut the contribution of large 2, values, for

which the unretarded approximation would not be appropriate. In our case,
it suffices to take

a

(33) F) = o570

where a is related to the nuclear radius a = 6{r?>-1, In the inelastic contribu-
tion, the two variables of the photon x, and w are relevant, and it is important
the comparison of their effective values against the new scale a.

For the muonic case, the restriction x; < a leads to consider the approxima-
tion x,< m? as appropriate. This simplifies notably the leptonic tensor. Our
aim is to write the cross-section of the process as a sum rule over the different
energies w, with an explicit function f(w, a) weighting the photon cross-section
o {w). After a lengthy calculation we get

30,

(34) o=g(N,4) 5—— @n)a

Ba f Ao f(w, @) o4(@)

where the function f(w, a) is plotted in fig. 6 for an incoming energy H, =
= 100 GeV and a = 2.4:-10-3 (GeV)?, as corresponds to the 20Pb target. The
limits of f(w, a) for (w?/a)< 1 and (w?/a)>>1 are also given in the figure, and
they correspond to the analytic expressions

Ho, @) i f< = n\/—( In (2E, \/-/mﬁ)—25/8)
(35) flw, @) Gzt f>=

— 3% (11 /48 — E T In (20/4/3) -+ In (28, /a/m?) (In 20/y/a)— 1/12)).

As we see, for all the o values one has the inequality f_ > f(w, a) > f.,
80 f_ can be used to obtain an overestimate of this inelastic contribution to the
total cross-section. The result is

(36) o< g(N, 1) El(ln (2B, +/a[m?) —25/8) 1y
where o_, corresponds to the energy-weighted sum rule

(37) o= f %‘" oy(@) -
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Fig. 6. — Values of f(w, a) ( b f< (==~ ) and f.. (——-), a8 a function of w, for
E;= 100 GeV and a = 2.4-1072 (GeV)2.

For heavy nuclei (4 »100), o_, is well fitted (*) by ¢_, = (0.204-0.02) A% mb,
which can be used to evaluate expression (36). At the incoming energy E, =
= 100 GeV, and for 2*Pb, we get ¢ < 2-10~4¢(N, A) cm?, which is about four
orders of magnitude smaller than the coherent contribution. So we conclude
that the region of nuclear excitations at low z, is also negligible.

(®) 0. Bou1gas: Proceedings of the International Conference on Theory and Applications

of Moments Methods in Many-Fermion Systems, Towa, 1979 (Plenum Press, New York,
N. Y., 1980).

19 — Il Nuovo Cimenio A.
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8. — Conclusion.

We have considered the production of neutrino pairs by high-energy
charged leptons. The main contribution results from the coherent nuclear
Coulombic source. Corrections coming from the quasi-elastic peak are ap-
preciable, whereas other inelastic nuclear excitations are negligible.

Allowing for an arbitrary polarization of the lepton beam, there are con-
tributions to the process for both charged-current and neutral-current weak
interactions. The dependence on the number of generations and on the helicity
of the incoming lepton amounts to a global factor ¢g(V, 1) given by eq. (17)
which reproduces g(N, + )} = N. Unless N is very large, the charged-current
contribution is dominant for left-handed helicity.

The energy spectrum of the outgoing charged lepton is peaked at low
energies, with a maximum around six times its mass. There is, however, a tail
of the distribution which produces a mean value of the energy somewhat higher
and given in table II. In any case, we observe that the charged lepton loses
most of its energy in the process of radiating the neutrino pair.

The angular distribution of the outgoing charged lepton is strongly peaked
in the forward direction. Nevertheless, one obtains appreciable mean values
of the dispersion angle as indicated in table II.

The results presented in this paper for the distributions of the ountgoing
charged lepton correspond to incoming energies up to 300 GeV, as the ones
of muon beams at present facilities. In case that future facilities will provide
lepton beams at higher energies, the corresponding distributions can be obtained
from the authors.
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APPENDIX A

Fierz transformation.

We restrict ourselves to left-handed helicity and zero-mass fermions, so
we can eliminate the y, matrices in eq. (3) by using the fact that spinors
are eigenvectors of the y; operator, i.e.

(A.1) | you(h=—13 = u(h = —1).
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We introduce the set of 16 Dirac matrices

(A.2) It = (I, s, v#5 s v 0#)

and their corresponding inverses I'; = (I'%)~'. Inserting the identity (°)

(A.3) 80305 = 1 (L5,

in the product of weak currents that appears in the charged amplitudes, we
can write

(A4) { N L}, ~ (ﬁ(p W Tduu(pl)) (u(p,l)l’zy v(p3)) y
) Nt ~ (ﬂ(p )Tuo’riu(pl)) (u(p4)y"]_"v(p3)) ’

where

(A.5) Tou= (B + Q) vus  Tus=yul@s— D)5 -

For zero-mass particles, the fermionic current preserves or changes the
helicity according to the odd or even number of gamma matrices it contains;
so, only the even operators, I, v, and ¢#*, will contribute to eqs. (A.4). The y;
matrices can be eliminated by using again identity (A.1). For the terms contain-
ing the o,z operator we make the expansion

(A.6) X = 1Tr(XI)Ie,
obtaining

NP L3y ~ 2(0(ps) Touu(pr)) (@(pa) yov(ps)) +

+ 31_2 Tr(cup Loul’s) Tr(o'o‘ﬁ}"rpj) (Z_t(pz)r"“(px)) (ﬁ(p‘l) I‘-”'ﬂ(p;;)) ’

N Ly = 2(@(po) Truou(py)) (w(ps) yoo(ps)) +

+ g5 T (s 0 1) el 020 T (@) () (@ p2) T¥0(p) -

The helicity argument indicates now that the only contributions come from
the odd operators y# and y;y# Eliminating the yp; matrices, we can write

N L3, =~ (@(p,)y°v(ps)) ((2(’w s) Tonu(p,)) + 1 sQ"(u(pz yeu(pl)))
(A.8)

_ SEPRR 1 '
N Ly = (@(ps) o0 (ps)) (2(u(pz)Tuau(p1)) 35 (@(p2) yeu(pl)))
where s and 2 are combinations of gamma traces. We get after some algebra

(A.9) 8% = 48 Tr(Touye(y,— 1)) , 127 = 48 Tr(T o ye(ys—1)) .

(¥ C. Itzykson and J.B. ZUBER: Quantum Field Theory (McGraw-Hill, New York,
N. Y., 1980), p. 161.
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To compare with the neutral-current amplitudes, we make the expansion (A.6)
in L;, and L;, and use again the helicity argument, obtaining

v-’%l. = § Te(Tou T') (5(p:) M 0(py)) =

~ 1 Tr (Touyall — 2)) (ip2)yeu(py)
. Lo 1 Tr(Tus I (W) Tu(py)) ~
v—1 4 FAT W

~ 1T (Pusyell — y2) (52:) youlpy) -

Comparing now eqs. (A.8), (A.9) and (A.10), we have the desired result (4).

APPENDIX B

Phase space for the energy distribution.

The squared invariant mass of the vy pair, k2, is related to the variable 2
through the equation

(B.1) z=m2_12~m1+m2_%k2,
50, the kinematical limits on %* impose 2, <2<#%;, Where
(B.2) z=ux—%ir,+m*—}E + ¢*— B,)?, By= Wy— Ly, + m?.

Another set of boundaries come from the — 1<ecos0,<1 condition, which
imposes 2, <2<?,, Where

(B.3) z2,=EB+ ¢)—|p|VW, 2,= BE+ ¢)+ |p|VW.

One easily checks that #2,>2,, 80 2=2,. To obtain the upper 2z limit is
not trivial at all, because there are several cuts among z;, 2, and #,. These
boundaries restrict also the allowed z, values, because of the existence of regions
where 2, > 2,, 80 the #, limits do not always take the values given in ref. (3).
We obtain

=z, H@>EANE<T_Ae>Q),
" 12, in the other cases;

(B.4) B=2E&_,

T, =— {Q’ if E2<T+’

* §+7 if E2>T+,
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where &£, are the x,-values for which 2, cuts to 2, or 2,

(B.5) fe=1i%n+ B+ ¢~ E) (B, + |p.).

¢ is the upper limit of x, obtained from the cosf,> —1 condition

(B.6) 0 =pdl(@ + ¢t + Brq° .

7, are the outgoing energies at which the cut ¢ = £, occurs

(B + ¢°)e — $o + m*) £ (¢ — $a) (By + ¢°)*— 20 + o — m?)?
20 — @, + m?

(B.7) 1=

and
(B.8) Q ={2 + ml + ¢*—m).

The relation between 2 and ¢ regulates whether £, or £_ is the one which cuts
in B,=17_.

In the high-energy limit (B, >m, «}), v, can be approximated by

m? mi— o\t
(B9 v, ~H—}a, f—z%wﬁz—@(”m) '

For ¢ < 2 the H,< v_ region is not allowed, because £_ > p. This imposes
a lower limit over »,. Using (B.9), we obtain

E,E B — ER\}
i~ 12 - et 72
(B.10) E‘E+&G @ " mm))

ArPENDIX O

Phase space for the angular distribution.

Similarly to the energy phase-space distribution, we obtain two sets of
boundaries over the variable y from the —1<cosfl,<1 condition and the k2
kinematical limits. However, the situation is now simpler and one obtains

(C.1) Y=o+ o —m?, ¥ = "B, — E,) + |q|H*.

The allowed phase-space reglon must satisfy y<7. This restricts the pos-
sible z; values to x; <u;<xf, where

(C.2) o5 =ta, + m* 4 (¢° & |q|) (B — B, -+ ).
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As z; depends on E, and 0,, the x; restrictions impose boundaries over
these variables. A lower limit over x, is also obtained from the x, dependence
of #f. One obtaing ‘

7. — ¢, if cosl,<1—a,/2|p4)?,
e, if cosfy,>1—ua,/2|p,|?,

(C.3) BE,=m,
jm, if cos8,<0,
=7 | mE(l — cos2f,) , if cosh,>0,

where
(C 4) (El + w}’)z——IPIIZ 008292 ’

¢= (B, —a) (B o} — o, —m®)—|p,| 00892(w1(E1—%w%)z—mzlpllz(l—008202))*

|p,|* cos?0,— (B, —ai)?

1

® RIASSUNTO ()

Si calcola la sezione d’urto per la produzione di coppie v-v per leptoni ad alta energia
nel campo nucleare di Coulomb nella teoria standard, tenendo conto della polarizza-
zione arbitraria nel fascio leptonico incidente. Si studiano le distribuzioni differenziali
del leptone carico uscente, mostrando che il leptone diffuso forma un picco ad alta energia
ed emerge per angoli di un’ampiezza notevole. Si discutono anche i contributi incoe-
renti alla sezione d’urto.

(*) Traduzione a cura della Redazione.

Jlenro-poxaenne HEHTPHHHLIX NAP B AAEPHOM KYJIOHOBCKOM NOJe.

Pestome (*). — BrRMUUCIASTCS HONEPEIHOE CEUSHUE POXKACHAES v-Y Nap JENTOHAMMU BBICOKHX
S>HEPTHil B ANCPHOM KYJIOHOBCKOM 1OJI®€ B PaMKaX CTaHAAPTHON TEOpHH, Npeamonaras
NPOM3EOJIBHYIO HOJIAPU3ALMIO MAZAOIMETo Hydxa jenTonoB. Vccnmenmyrores muddepen-
IWalbHEIE pacnpelelicHus BBUICTAIOMAX 3apsDKCHHBIX JIEOTOHOB. IlOka3klBaeTcs, 4TO
CYIIECTBYIOT IHKH 3apSXEHHBX JIEOTOHOB IIPH HHU3KAX JHEPIHAX M 3aMETHBIX YINax.
Taxxe 06CYXIarOTCA HEKOTEpEHTHBIE BKIAJbI B NOMEPEYHOE CEYCHHE.

(*) IHepesedeno pedaxyueii.



