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We calculate the production cross section and kinematic distributions for dimuons arising from the production
of a heavy scalar intermediate boson carrying dileptonic quantum number. The low hadron recoil energy and

low effective recoiling invariant masses found in this proces exclude it as a candidate for the dimuon events

recently observed in experiments at the Fermi National Accelerator Laboratory.

The recent observation of energetic dimuon
events' in neutrino experiments at the Fermi
National. Accelerator Laboratory (Fermilab} has
prompted the examination of various theoretical
mechanisms for dimuon production. Among those
considered to date are the existence of a new

hadronic quantum number ("charm" or its vari-
ants), ' production of a heavy neutral lepton, ' and

production of a weak vector intermediate boson. '
We consider in this note a variant on the inter-
mediate boson production model, in which the
produced boson is a scalar particle carrying di-
leptonic quantum number. ' Such particles arise
if one attempts' to build a renormalizable field-
theory model. for weak interactions based on the
Fierz transform of the usual V-A leptonic ef-
fective Lagrangian,
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with c denoting charge-conjugate spinors. Evi-
dently, if one postulates a scalar dileptonic inter-
mediate boson B with the coupling to muons
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which arises from the two Feynman diagrams
shown in. Fig. 1. This reaction is actual, ly only
one of three which contribute to the 8 production
cross section; the other two are inelastic pro-
duction, with the final proton in Eq. (3) replaced
by a general baryonic final state, and (for nuclear
targets} coherent production from the entire tar-
get nucleus. However, in their detailed studies
of these three production mechanisms in the con-
text of ordinary vector intermediate boson pro-
duction, Brown and Smith4 found the analog of
Eq. (3) to be the single most important contri-
bution at Fermilab energies, accounting for about
half of the total production cross section. Since
the dileptonic boson production process being
studied here is kinematical. ly similar to vector-
boson production, it seems reasonable to focus
on the process of Eq. (3) in seeking a first esti-
mate of the resulting dimuon production charac-
teristics.

Using standard trace techniques, we have eval-
uated the cross section for Eq. (3); the results
are summarized in the Appendix, together with
some changes of integration variable which facil-
itated the numerical integrations. Production
cross sections for a range of neutrino energies

Equation (lb) is obtained in the tree approximation
in the limit of large M~. More generally, one
can consider 8 production independent of the re-
quirement that it account for the usual current-
current leptonic Lagrangian, in which case the
coupl. ing constant g becomes a parameter to be
fixed by experiment. In this generalized version,
kinematic characteristics of the dimuons resulting
from B production and decay become the decisive
test of the model.

-Specifically, the process we consider is
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FIG. 1. Feynman diagrams for B production. The
wavy line denotes a virtual photon.
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E and boson masses M~ are given in Table I, cor-
responding to the choice of the coupling g given
in Eg. (2). For Me -5 GeV, we find a cross section
ratio o(E =150 GeV)/o(E = 50 GeV)=10, consistent
with observations in the Caltech-Fermilab di-
chromatic neutrino beam. ' For this value of the
boson mass, a reduction of the coupling g by
roughly a factor of 5 from the value specified in

Eq. (2) is necessary to bring the cross-section
magnitudes down to the range' observed for di-
muon production at Fermilab. The calculation
of histograms for dimuon production character-
istics is greatly facilitated by the fact that decay
of the scalar B particle is isotropic in its rest
frame. A sampling of the histograms which we
have computed for M~ = 5 QeV is given in Figs.
2 and 3. In Fig. 2 we have assumed a monoen-
ergetic 150-QeV incident neutrino beam, cor-
responding to the higher energy component of
the Caltech-Fermilab dichromatic beam, while
in Fig. 3 we have assumed a neutrino-antineu-
trino mixture corresponding to the 380-QeV quad-
rupole triplet beam used in recent running of Fer-
milab experiment 1A.' From the histograms, we

TABLE I. B production cross sections.

E Cross sections (10 cm )
{GeV) M& =2 GeV M& =5 GeV M& =8 GeV

20
40
50
70
90

110
130
150
170
190
210
250
290

12.6
33.7
43.0
58.9
72.1
83.6
93.6

103
111
118
124
136
147

0.4x 10 4

1.1
2.7
7.4

12.9
18.6
24.3
29.8
35.2
40.4
45.4
54.9
63.6

~ ~ ~

0.7x 10 3

0.16
0.89
2.2
4.1
6.2
8.6

11.1
13.7
19.0
24.3

see that in a neutrino beam the mean p energy
is substantially higher than the mean p' energy,
even though the p,

' is produced at the incident lep-
ton vertex. The muon energy distributions, di-
lepton angle 8», and dilepton invariant mass
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FEG. 2. Histograms calculated for a 150 GeV incident neutrino beam: (a) positive-muon laboratory energy E„+,
{b) negative-muon laboratory energy E&-, (c) dimuon opening angle, {d) dimuon invariant mass, (e) recoil hadron
laboratory energy Eh,.d=p~, (f) minimum effective invariant mass recoiling against the p+, defined by & . („+)~

2 2
mm P

=2M&(l —V&+) (E'h,d+E&-)+MN —2M~ + V&+, with V&+ = 2(E +/M~)sin (8&+/2) and with 8&+ the laboratory angle between
the p+ and the incident neutrino direction, (g) minimum effective invariant mass recoiling against the p, defined by
5',„&& ) =2M~(l- V&-)(Eh,d+E&+)+M& -2M&E&-V&-, with V&-=2{E&-/Mz)sin (8&-/2) andwith tI)&- thelaboratory angle
between the p and the incident neutrino direction. The ordinate scales are arbitrary.
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FIG. 3. Histograms for a neutrino-antineutrino mixture corresponding to 380 GeV primary protons with quadrupole
triplet focusing: (a) positive-muon laboratory energy &&+, (b) negative-muon laboratory energy E&-, (c) dimuon open-
ing angle, (d) dimuon invariant mass, (e) recoil hadron laboratory energy E„,~=p20, tf) minimum effective invariant
mass recoiling against the p+, (g) minimum effective invariant mass recoiling against the p . The effective masses
histogrammed in (f) and (g) are as defined in Fig. 2. The ordinate scales are arbitrary.

M» are all in reasonable qualitative accord with
the Fermilab dil. epton observations. However,
agreement is not good when we turn to the his-
togram for the recoil hadron energy and the min-
imum effective invariant recoil masses. The
recoil hadron energy histogram shows a strong
peaking at low energy, characteristic of that
found in ordinary vector intermediate boson pro-
duction. Experimentally, this would correspond
to a small energy deposition in the hadron cal-
orimeter ("quiet events"), whereas the observed
Fermilab dimuons' are predominantly accompanied
by large energy deposition in the calorimeter
("noisy events "}. The calculated minimum ef-
fective invariant mass recoiling against the p
shows a peaking at small mass values, while the
observed dimuons show essentially no events with
this quantity less than 5 GeV. We conclude on the
basis of these comparisons that the dileptonic
boson process which we have examined is excluded'
as the principal production mechanism for the
dimuon events observed at Fermilab.

We wish to thank A. K. Mann and T. Y. Ling
for helpful conversations, and for supplying the

v and v flux tables used in calculating the histo-
grams of Fig. 3. One of us (S.L.A. ) wishes to
acknowledge the hospitality of the Fermilab theory
group, where parts of this work were done.

APPEND1X

Fixing the coupling g as in Eq. (2), we find that
the B-production cross section in the center-of-
mass frame of the final B and p' (the frame where
q+k =()} is given by

~2QM 2&2 "max Pz t'&max
( q (

dQ Srt M *E2 J x WN "min "fnin

(Al)

with a the fine-structure constant, G the Fermi
constant, & the incident laboratory neutrino ener-
gy, and M„and M~ respectively the nucl. eon and
the scalar boson masses. Using the metric
(1, -1, —1, —1), the cross section Z and the kine-
matic quantities needed in its evaluation are given
as follows, with m„ the muon mass:



2642 STEPHEN L. ADLER et al.

x=-V, -P.)',

2E' —[(E+M„)/M„](M +m„)'*2EOE -E )[E —(M +m„)'/2M +M +m„])'~'
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y = —k, k, y', „=—5[x+ (Ms + m „)'], y,.„=(E/2M„)[x —[x(x+ 4M„')]'k),

W=[(q+k, )'J'k=(-x —2y)'k,
I ql =(I/2W)([W' —(Ms+m„)'] [W' —(Ms —m„)']j",

Z = C1[3xW, —(4M„5+x) W5] +C5{[—xM~ —(q' k) ] W, +(q P)5 W5[

+C5([ —2xq k5 —2q kk k5] W, +2 q' Pk 5 PW5[+C5j[-mq x —(k k5) ]W, +(k5 P)5W5j,

1
C, = —

5 [ k, k, +2k k, k k, ], C, = — '+4k k, 4k, ' k2

C = —— [4k, ~
k5 —2k ~ k1+2k k5], C, = ——~ [4k k, -4k, k5],

1 2

(A3)

A =x+2q k, B=x+2k k

W, = W (x) = [F~1(x)+F55(x)]', W, = W, (x) =F51(x)'+xF55(x)5/(4M5N).

In Eq. (A3), F, and F5 are the usual proton elec-
tromagnetic form factors. Writing dQ~
= sing dQ d&, the remaining kinematic quantities
appearing in Eq. (A3) are given by

k,'=(W'+m„'-Ms')/(2 W),

q'=(W'+M, '-m„')/(2 W),

k5 = (W —x)/(2 W),

k k, =k'lkl+ lkl',

k k, =k'k.'- lkl iqlcos@,

k q = k'q' + I
k I I q I cos q7,

k, k, =k', Ikl+Ikl lqlcosq,
(A4)

P = (4EM„—W —x)/(2 W),

I kl =(W'+x)/(2 W),

P, = —(k'/I kl)P',

P„=& (P')'[I - (k'/I kl)'] -4M.'- x$".

(A5)

In doing the numerical integrations, we found

it expedient to make the following changes of vari-
ab1.e:

q k, = k,'q'+
I ql ',

P —P~ +P2,

dx = dK'
( y)1 ~ 75

(A6)

k, ' P=k5P +P„ I ql sing cos&+P, lql cosg,

q P=q'P'-P„ Iql singcos5 —P, lql cosP,

with

dcosQ =ds for 0.75 icos/ ~1.0,D- cosQ

D = (x+ 2k'k,')/2 I ql I k I .

The actual procedure employed in getting the
cross section table was to do the 6 and cosQ in-
tegrations analytically, "with the result
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with

Z=T, xW, +W, —2M„'+ ", (M„E+y} +T, W, 2M„'-x- ", (M„E+y)

A
2T, = ——

~ yA -—I, + ~ 2y& -y ——Is+ g &(d. +2y)I~+ g(y - 4) I,

m'-m ' x M4- 4

T, = — x+2y+24+ e " I, + —+2h+ " I, + (x-2m„'}I,--, (x+4M~')I,
2

y(x+2y)+4(x+y)+yR, y(x+2y) -O(x+y)+yR
y(x+2y}+a(x+y)-yR ' ' ', y(x+2y)-&(x+y) —yR

-4m ~y~+2xy4+x4~ ' ' -4M~~y -2'&+&&

h = M~' —m q', R = [ (-x - 2y —d )~+ 4 m „~(x+2y)] 'e.

This left only the x and y integrations to be done numerically and permitted calculation of the cross sec-
tions to good accuracy using little computer time. Calculation of the histograms involved a sixfold nu-
merical integration (over x, y, Q, 5, and two angles describing the 8-particle decay); the integration
meshes used reproduced the cross sections of Table I to within about one percent.
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