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The creation of muon pairs by (anti)neutrinos in the Coulomb field of the nucleus provides a
direct test of the interference between the intermediate-vector-boson amplitudes, as predicted by the
weak-interaction theory. This paper summarizes the main features of the above process and
discusses the feasibility of measuring the W-Z interference by searching for recoilless dimuon events
using fine-grained counter neutrino detectors. The result from an earlier experiment which
searched for this process is discussed in the context of the present calculation.

The cross section for the reaction
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can be estimated, rather accurately, by applying Feyn-
man rules to Fig. 1 and using simple dimensional
analysis. The calculation will be done in two steps and is
based upon the neglect of the boson propagator.

First one computes the muon-pair production cross
section in the neutrino collision with a real photon. The
amplitude for this process is proportional to the Fermi
coupling constant G, so that the cross section must be of
the form

o,,~G%s ,

where s, the square of the center-of-mass energy, is a
Lorentz-invariant variable which has the required dimen-
sion

s=(k+q)*.

Here g and k are the photon and the neutrino four-
momenta, respectively. This cross section has to be mul-
tiplied by the fine-structure constant 47a (the y-u vertex
contributes a factor proportional to the electric charge:
el’=4ma) and, in analogy with the extreme-relativistic
case of Compton scattering, by an s-dependent factor
~In(s /sy, ). Including the phase-space factor for a
three-body final state, which is proportional to 1/#73, it
follows that
aGs
0,,= 2 In
where s, =(2m,, )2, since there are two muons in the
final state. The exact calculation, which is described in
Appendix A, produces the same result, apart from a fac-
tor of 3.
The next step is to compute the probability for creating
a virtual photon in the Coulomb field of a nucleus (charge
Ze), with such a four-momentum g that the center-of-
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mass energy squared is s. As shown in Appendix B [Eq.
(B8)], this probability is

2 2

P(gts)=Z2 290 45 (3)
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The cross section for reaction (1) is therefore
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In this expression Q.. is the maximum momentum that
can be transferred to the nucleus without causing it to
disintegrate. Obviously, 1/Q, .. has to be proportional
to the size of the nucleus. Since the strong-interaction
coupling constant is ~ 1, there is only one fundamental
length for the hadrons, which can be taken to be the
Compton wavelength of the pion. Therefore,

1 A 1/3

Q ~Rnucleus~ m

max m

(A4 is the total number of nucleons in the nucleus; m is
the pion mass). Q.,, is given by the threshold for the in-
teraction of the neutrino with the virtual photon:

(a) (b)

FIG. 1. Diagrams representing (a) charged- and (b) neutral-
current “trident” production processes.
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where E is the incident neutrino energy. Therefore,
2

Omin = Z_E“ < Qmax .

Similarly, 5., =2EQ ... Now the total cross section be-

comes
s
3 In
4m i

A straightforward integration yields the following result
(the so-called leading-logarithmic approximation):
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[The above derivation clarifies some misprints which ap-
pear in the literature (see Refs. 1 and 2, for example).]
From (5) it follows that the cross section for muon-pair
production in the collision of a, say, 50-GeV neutrino
with an iron nucleus is roughly

o =2%10~*% cm? (6)

corresponding to

R= "—2’2 ~1x107° v
o E=50 GeV

“tridents” per charged-current (CC) event. The result (6)
is in good agreement with the exact calculation of the
cross section for the reaction (1) in the ¥ 4 theory**
(which yields 0~2.5X10~% cm?), taking into account
approximations made in our calculation (such as the size
of the nucleus, for example).

As shown in Fig. 1, the process (1) is actually an ad-
mixture of charged and neutral currents. Similar to the
case of the neutrino-electron scattering, a Fierz transfor-
mation can be performed to relate the two amplitudes, so
that the resulting amplitude has the V' — A form, but with
different values of the vector- and axial-vector-coupling
strengths C;, and C, respectively. (See Ref. 5 concern-
ing the application of a Fierz transformation.) Conse-
quently, the cross section for the reaction (1) in the
Glashow-Salam-Weinberg (GSW) theory has the form

’

GSW 2 2
o =CAUCZ+CVUCZ+CVCAUC ¢
A v ATV

where

Cy=1+2sin’0y =1,
1 GSW (8)
CA =T ’

(Cy=C, =1 in the V— A4 theory). According to Ref. 3,
Oc,c, is about 2 orders of magnitude smaller than either

of the other two terms. Hence,

_ g 2+0 >
oV 4 ‘y €a

oSV o.t0,,/4
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for a 50-GeV incident neutrino (see Table 2 of Ref. 3).
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This result is almost independent of the neutrino energy,
since the actual values of o2 and o are comparable in
V A

the energy range of interest.®
Therefore, the GSW theory predicts

R=0.8x10"° 9)

“tridents” per charged-current event. This rate, accord-
ing to (5), depends only logarithmically on the energy of
the incident neutrino.

There has been only one reported search for recoilless
dimuon events.” A sample of 1.5X10° neutrino- and
1.8 10® antineutrino-induced charged-current events in
the CHARM (CERN-Hamburg-Amsterdam-Rome-
Moscow) detector yielded 1.7+0.5 “trident” candidates.
Taking into account (1) the fact that the mean neutrino
energy in the experiment was ~25 GeV, (2) an effective
muon momentum cut of 712 GeV/c, and (3) a cut on the
wtu” invariant-mass distribution of 0.8 GeV (both cuts
were applied by CHARM in their data analysis), one
would expect to find approximately three events. This
prediction follows from a Monte Carlo calculation based
on Ref. 3, where a two-parameter fit to the nuclear
charge density was used. Given the limited number of
“trident” events, which is mainly due to the above-
mentioned muon momentum cut of 7 GeV/c, there is
therefore no experimental evidence for the “trident” pro-
duction process.

To conclude, the creation of muon pairs by neutrinos
in the Coulomb field of the nucleus provides a direct test
of the interference between the charged- and neutral-
current amplitudes in the GSW theory. The predicted
rate of “trident” events and their experimental signature
render it quite feasible to measure the W-Z interference
by searching for recoilless dimuon events using the exist-
ing fine-grained counter neutrino detectors [FMMF
(Fermilab—MIT -Michigan State University—University
of Florida) and CHARM 2]. For example, because of
fine-grain structure of the FMMF detector (polypro-
pylene flash chambers between sand and steel shots
Xo=12 cm, A=90 cm; sampling thickness is 22%X, and
3% A) off-line pictures of neutrino events look like
bubble-chamber photographs, making the selection of
recoilless events straightforward. Possible backgrounds
to trident candidates (charged pion decays and charm
production with subsequent semileptonic decay) are very
small due to the low-particle multiplicity (only two well-
identified muons) and rather large hadronic effective mass
W in the case of charm production [see Ref. 8 for a mea-
sured W distribution from a Big European Bubble
Chamber (BEBC) sample of dilepton events]. As can be
inferred from the predicted muon momentum distribu-
tion for “trident” events,' a good reconstruction of very
low muon momenta (down to a few GeV/c) and a higher
mean neutrino energy are essential; without them one
cannot get a sufficient number of recoilless dimuon events
to measure accurately the W-Z interference using fine-
grained counter neutrino detectors. It is also important
to use the measured form factor for a given target materi-
al to remove any remaining uncertainty in the theoretical
prediction.
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APPENDIX A
The process

v4y—sv4pt+p” (A1)

is described, in the lowest order, by the sum of the two
diagrams in Fig. 2. The matrix element, assuming V' — 4
coupling, has the form

M'—_Mle ’
where
Ge 1
M,=——1u(p,) |& (147v5)
1 ‘/E“ P2 fﬁz_a_m‘}’a Ys
1

+vY(1+ys)———€|v(p,)
a 5 "ﬁ]'f'a—m 1

and
M,=a(k" )y 14+ysulk) .

(p1°g)k-q)py-k') (py-g)k'-g)p,-k)
- A2 B?
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FIG. 2. Feynman diagrams for neutrino-photon scattering.

In the above expression G is the weak coupling constant,
e is the electric charge, u and v are the lepton spinors,
and € is the polarization vector of the photon (€=€%y,).
In order to compute the spin-averaged probability for
the above process Veltman’s SCHOONSCHIP algebraic
computer program’ was used. The calculation produced
the following formula for the differential cross section:

4e2G? .
o=———1 18%k +q —k'—p,—p;)
(21r)5(k-q)[] 9 Pi=pz
d’p; dp; @k’
E, E, E ’

(A2)

where

11 , ,
+°A—E[(2P1'Pz—Pn'q—Pz‘q)(Px'k)(Pz'k )—(py-p2)py-k)g k')

—(p1'p2)pyk'Ng-k)+(q-p Nk-py)k"py)+(q-p2)Npy-k)p k)]

and 4 =[(p, —¢)*—m?], B=[(p,—q)*—m?]. In arriv-
ing at (A2) the terms proportional to mf, were neglected
and V ,E E,=k-q was used. Integrating (A2) yields the
following cross section for the process (A1) (see also Ref.
1):

_aG3s

9?

§
’

2
4m“

where s is the center-of-mass energy squared and
a=e?/4r.

APPENDIX B

In order to compute the probability for creating a vir-
tual photon in the Coulomb field of the nucleus the
Weizsicker-Williams method of equivalent photons!® will
be employed. Consider a collision between the particle i
and a virtual photon emitted by the particle p (charge Ze)
and having a four-momentum ¢ =P —P’ [Fig. 3(a)]. If
the particle p is very fast, its electromagnetic field is al-
most transverse and hence the virtual photon is not very
different from a real one, i.e., qzzO. In that case, P=P’'
and the motion of the particle may be regarded as uni-
form, quasiclassical motion in a straight line, so that the
corresponding current is independent of the particle spin.

[

We choose the coordinate system such that q is fixed,
P— w0, and i is at rest. The amplitude for this scattering
process is

J
M~—q%(f{j”li), (B1)

where J,=(P +P'), and P'=P+q. The particle four-
momenta are P=(E,P,,0,0) and P'=(E’',P,—q,,q,,0).
Hence,

Jo=2E —qy=2P,—q,, J,=2P,—q,, J =—q, .

Now
M*=E?—(P,—q,P—q> . (B2)
Using E'=E —gq, and E*— P?=M?, (B2) yields
0=—2Eqo+95+2P,q,—4;—q] - (B3)
Since g2=¢3 — | q| % it follows that
q
9—9:=5F - (B4)
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FIG. 3. Feynman diagrams for (a) electromagnetic scattering
and (b) photoproduction amplitude.

The amplitude (B1) reads
AT AV AT B ROAENTD

g’ ’

ie.,
M~%l(2Pz—¢Jo><f|jo|i>—(2Pz——qz)<f|jz i)

+q,{f i lid].

Since qjo=4,Jj, +9,"j, (due to current conservation) the
amplitude is

1

M~? 2P, (fl.]zll)

4:—40
0

22_ . . .
+pToq'o"h(f|h|i>+m(f|h|l>l .

From (B4) it follows that the first term can be neglected.
The second and third terms partly cancel, so that the am-
plitude finally reads

2P,
90

The differential cross section for the process in Fig. 3(a) is
therefore

M~ﬁ (flagiclir |- (BS)

2
Zze4 2'Pz l .
do— —Z | = Flaeig]i)|?
2E 90 q4l§ |qlJl! 1
dp’ 404
x—2E _ 2m) 4 p,—pi—q) .
QmnE T 0 PrThiT
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Using the definition of the photoproduction cross section
o, depicted in Fig. 3(b)

2

(j-e=j, | ), the differential cross section can be written
as

24_} dqudqo

Z2%e?
q* 2m*2E

2E

2E
90

do= 2q40, , (B6)

where we have used E'~E~p, and d’p’'=d’%g
=d’q,dg,. Using d’q,=mdg?* and e’=4ra, it follows
that

(B7)

since g?~gq2. From the definition of the square of the
center-of-mass energy s,

s=(k +q)P?=2k-q

(where ¢ and k are the photon and the neutrino four-
momenta, respectively), it follows that

s=2k-qg=2kyq, ,

i.e.,
ds dq,
s 90
Therefore,
do— Zla dg* ds -
T g% s 7

and the required probability is

2 2
P(gts) =22 44 d5 (B8)
T q N
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