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Double-boson-exchange processes in high-energy v„e collisions
in the standard Weinberg-Salam model
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In this paper, we shall study double-boson-exchange processes in the reactions v„e ~p e+e v„
v„e ~p+p e v„, and v„e ~p+p p v„using the standard Weinberg-Salam SU(2) )& U(1) model

of electroweak interactions. At neutrino laboratory energy —100 GeV, the cross section for the
first reaction is -3X10 cm . This reaction may be observable with experimental facilities in the

near future. It could serve as a useful tool for distinguishing the Weinberg-Salam model from other
models of electroweak interactions.

I. INTRODUCTION

v&e ~p e 8'+y~p e+e v, ,

v&e —+ 0 ~p p e v&,p e 6"+y
e vip

v@e —+p e 8'+y +p+p p v, .

(1.2)

(1.3)

Our calculations are based on the standard Weinberg-
Salam SU(2) &&U(1) model of electroweak interactions. As
is well known, there are alternative models such as left-
right-symmetric models, which give similar predictions
as the standard model for low-energy single-boson-
exchange-type processes:

In this paper we shall study the followng reactions, as
examples of double-boson-exchange processes in ve
scattering:

e+e ~y or Zo p+p

vpe ~vpve 8 ~p ve

vpe ~e Z v@~e vp .

Double-boson-exchange-type processes, such as those stud-
ied here, may therefore serve as an important tool to dis-
tinguish among alternative models of electroweak interac-
tions. We shall find below that these reactions may be
observable with experimental facilities in the near future.

We shall be looking at neutrino beam energies of the or-
der of a few hundred GeV, which corresponds to total
c.rn. energies of the order of 0.5-1.0 GeV. Since total
c.rn. energies are small compared to the mass of the 8' —+

boson, m~, we shall perform our calculations only to first
order in the weak coupling constant, e /m~ .

Section II lists the relevant Feynman diagrams and am-
plitudes in our calculations. Section III gives a discussion
of our results. We make some concluding remarks in Sec.
IV.

II. FEYNMAN DIAGRAMS AND NUMERICAL CALCULATIONS

To first order in the weak coupling constant e /mn, the amplitudes for (l.li —(1.3i are given by (our spinor notations
and y matrices follow the standard notations of Bjorken and Drell, see Ref. S)
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FIG. 1. Feynman diagrams for reaction (1.1). FIG. 2. Feynman diagrams for reactions (1.2).
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TABLE I. Behavior of total cross sections for reactions (1.1)—(1.3) as functions of total c.m. energy.

Reaction
Order of magnitude

(nb)

Behavior as function
of c.m. energy

{1.1) v„e ~p e+e v,

(1.2) v„e —+p+p e v„

{1.3) v„e ~p+p p v,

10» 10—

10-"—10-'

10—14 10—11

From Vs =0.3 to 0.7
GeV, rate of increase
with s is more than
linear; afterwards, rate
is approximately linear.
Similar behavior as
above; nonlinear rate of
increase occurs between
Ms=0.3 and 1.4 GeV.
Similar behavior as
above; nonlinear rate of
increase occurs between
Ms =0.5 and 1.0 CxeV.

m ) =m )(g) +me](b) +m j(C) +m )(d)

~
u(p' )y"u(p ) u(P' )y"(1—ys)u(P)u(k)y (1—ys) y„u(k+)8m' '

q —/g'+ —m, " +

(k)( l )(k)(P)1()()"g' —q —m„

1
, u(p' )y U(k+ ) u(k)y (1—y5)u(p )u(P' )y„, , y (1—y5)u(P)(p' +k+ ) "j' +p' +kg' —m„

1+u(P' )y (1—y, )u(P)u(k)y (1 —y5), y„u(P )
p —p' —k —m, "

(2.1)
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FIG. 3. Feynman diagrams for reaction (1.3).
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FIG. 5. (Continued. )
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TABLE II. Final-particle distributions for reactions (1.1)—(1.3). All final charged particles are concentrated in directions around

the initial v„beam.

V s (GeV)
E„(GeV)

0.3
88

0.5
245

Reaction (1.1)
Final p energy spectrum

Final e energy spectrum

Final e+ energy spectrum
Distribution with respect to

2
PP1

Distribution with respect to
2 2Pl + ~ 771

p e p, e

Broad peak extends from
20—60 GeV, maximum at 30
GeV.
Most e have energies below 5

GeV.
Same as above
Very sharply peaked at values
&0.001 GeV2.

Peak at -0.01 GeV2.

Peak extends from 30—150
GeV, maximum at 60 GeV.

Most e have energies below
10 GeV.
Same as above.
Very sharply peaked at values
&0.005 GeV .
Peak at -0.02 GeV .

V s (GeV)
E„(GeV)

Reaction (1.2)
Final p energy spectrum

Final p+ energy spectrum

Final e energy spectrum

Distribution with respect to m +P

Distribution with respect to m
p,

Distribution with respect to m +p+e—

Reaction (1.3)
Final p energy spectrum

Final p+ energy spectrum

0.5
245

Broad peak extends from
30—100 GeV, maximum at 50
GeV.
Very broad peak extending
from 25—150 GeV, maximum
at -70 GeV.
Sharply peaked at values &5
GeV.

Peak extends from 0.05 to 0.10
GeV, maximum at 0.07 GeV .
Peak extends from 0.02 to 0.04
GeV, maximum at -0.03
GeV .

Peak extends from 0.02 to 0.06
GeV, maximum at -0.03
GeV .

Broad peak extends from 30 to
100 GeV, maximum at -60
GeV.
Broad peak extends from 25 to
80 GeV, maximum at -50
GeV.

0.7
479

Broad peak extends from
30—150 GeV, maximum at
-80 GeV.
Very broad peak extending
from 50—300 GeV, maximum
at —100 GeV.
Sharply peaked at values &10
GeV.

Peak extends from 0.06 to 0.14
GeV, maximum at 0.08 GeV .
Peak extends from 0.025 to
0.07 GeV, maximum at -0.03
GeV .
Peak extends from 0.025 to
0.10 GeV, maximum at -0.03
GeV .

Broad peak extends from 30 to
160 GeV, maximum at -80
GeV.
Broad peak extends from 30 to
110 GeV, maximum at -70
GeV.

Distribution with respect to rn +P

Distribution with respect to m
P P

Sharply peaked at 0.06 GeV,
extending from -0.05 GeV to
-0.07 GeV .
Peaked at 0.07 GeV, extend-

ing from 0.05 to 0.09 GeV .

Sharply peaked at 0.07 GeV,
extending from 0.05 to 0.09
GeV .
Peaked at 0.08 GeV, extend-
ing from 0.05 to 0.13 GeV .

where g =e/sinO~, U =0.25 —sin 0~, and a = —0.25
(see Ref. 6). The corresponding Feynman diagrams and
the momenta are shown in Figs. 1—3. The cross sections
for the reactions (1.1)—(1.3) are calculated by using the
Monte Carlo integration program vEGAs.

III. RESULTS AND DISCUSSION

Cross sections for the reactions (1.1)—(1.3) have been
calculated for total c.m. energies in the range 0.3—1.5
CxeV, which corresponds to laboratory neutrino energies in

the range 80—2200 GeV. The behavior of these cross sec-
tions as functions of total c.m. energy is shown in Fig. 4.
Their features are summarized in Table I.

Distributions with respect to final-particle momenta
have been obtained at two c.m. energies: for reaction (1.1),
at 0.3 and 0.5 GeV; and for reactions (1.2) and (1.3), at 0.5
and 0.7 GeV, corresponding to neutrino beam energies of
88, 245, and 479 GeV, respectively. These distributions
are shown in Figs. 5—7. Table II summarizes the main
features of these distributions. We note that all final
charged particles are concentrated along the direction of
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the initial v& beam. At a given energy, the p and p en-

ergy spectra are qualitatively similar for the various reac-
tions. The p+ and p take up a large fraction of the v&
beam energy. The final e+ and e are emitted with rela-
tively low energies, ( a few GeV. The squared mass of
the muon pairs peaks at -4m&, that of the muon-
electron pairs peaks at -m&, while that of the e+e
pairs peaks at considerably lower values. In these reac-
tions, from an experimental point of view, the muons
should be easiest to detect.

parameters for the neutrino-beam facilities at the Fermilab
Tevatron, these cross sections lead to event rates of
-5&10 per day. Although these events are not observ-
able with currently available experimental facilities, they
are not very far beyond reach. With the proposed alterna-
tives to the standard Weinberg-Salem model of the elec-
troweak interactions, the observation of these events may
serve as a useful tool to decide on the correct picture, al-
ternative to the usual single-boson-exchange-type reac-
tions. '
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