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1. Introduction

I planned to talk about the role of anticommuting symmetry trans -
formation in gauge theories. 1 However, I consider the recent dis-
covery of dimuon events2 in neutrino interactions so momentous that I
should report on my understanding of these events, and discuss a pre-
liminary interpretation. No doubt the understanding of this new phenom-
enon will have a profound impact on the future development of gauge
theory of particle interactions and model making,

I shall first describe the reasons why I believe these events
represent a new phenomenon, and I shall indulge in a theoretical inter -
pretation on them based on the minimal gauge theory. Experimental
data I shall present to you were provided to me by Professor David Cline
of the Harvard-Pennsylvania-Wisconsin-Fermilab collaboration.

Table 1 shows the number of dimuon events observed by HP;WF.

There are altogether 84 dimuon events observed by this collaboration,

*Operated by Universities Research Association Inc. under contract
with the U. S. Energy Research and Development Administration,
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Feb, 1975 380 GeV Quad, Triplet 7.7 €1
April 1975 300 GeV Double Horn(¥) 3 7

In addition, the CalTech-Fermilab collaborati0n3 has ob'served 4 di-
muon events with both muons going through the magnet which is used
a3 a muon spectrometer. .

The antineutrino horn beam is an antineutrino-enriched beam.
It contains approximately the samme number of vis as v's, The double~
horn antineutrino beam (with a plug) is about 90% pure. The cther

beams are mostly neutrino beams with about 90% purity.

2. What Is A Dimuon Event?

A typical dimuon event is schematically shown in Fig. 1. This
particular event originates; in the hadron calorimeter which contains a
scintillating material in mineral oil. In this case two muons of
opposite signs go through the steel hadron filter and are momentum

analyzed in the muon spectrometer.
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Fig. 1

That the two muons emanate from the'same neutrino interaction
can be verificd by the spatial coincidence of the two muon tracks at the
event vertex and the temporal coincidence of the two muon detections.

Figure 2 shows the distribution of diurauon events in the visible

energy, Evis‘

E., =E_+E +E ,
vis I My B

where EH is the hadronic encrgy deposition in the calorimeter, and

IE:‘_L + E  is the sum of muon cnergies. The rate is proportional to
1

the neutrine cvent rate, defined as the neutrine flux timey the neutrino

energy.
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The basic parameters of the dimuon events arc swniarized in

+
Table 2. The strongest evidence that the second muon (g in v-induced

Table 2
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3. Source of Dimuoen Events

The ratlier large observed rates for dinmwon events rule out the
possibility that these are four-leplon interactions in nuclear Coulomb
field. Figure 4 shows the distribution of v-induced dimucn events as a
function of the i momentum P_and the p+ momentum P+. The siraight
line corresponds to P+ = P_. The numbers attached to events marked
by triangles are the hadronic energy depositions for events originating

in the hzdron calorimeter.
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Omne notes immediately the preponderance of events in which
FP_>P - This is in opposition to the e){'pec:‘ta\ticrn4 for the decay of the

intermediate boson W+
- +
Vv + N — ',L + w + N

+
gt
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which i3 produced in nuélear Coulomb field, in which case P+ >P_,
and the hadrunic shower is expected io be "quict".

Theze events are nnt likely 10 come from decays of necutral heavy
¥

[ 4
leptons k2t might be produced in ‘ v~-induced reacticns;”

4+ -
I.-O—-p 1 p o+,

In fact, Pais and Treiman® considered ihe ratio <P _> /<P > assuming
that the opposite sign muons have the same parent and the above decay
is desciibed by a local interaction (5, P, T, V, and A). BExtremizing
the ratio with respect to the velecity and polarization of the parent

heavy leplon, they obtained the bounds

0.48 <P_>/P, r=2.1.

This ratico for the events shown in Fig. 4 is

<P _>IKP, > =3.7+0.7
which is vell beyond the upper bound. The HPWF group further notes

that it is statistically consistent to assume that events with P+ >P_are

caused by the v contamination. Excluding these events, they obtain

<P> /KPP, > =85=21.7.
It is therefore very unlikely that all of the dimuon events arise from the
decay of a ncutral heavy lepton.
Another piece of evidence, perhaps intuitively more appealing, is

the dimuon mass distribution as the incident neutrino energy changes.
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1f the dimuons came from a common parent of well-defined mass, the
mass distribution should be independent of the v-energy. Figure &

ghows however that the dimuon mass distribution tends to be broadened

as Evis increases. Q\J?
Eas <100 GV

- 9 &lents
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Fig. 5

It is therefore extremely plausible that the extra muon comes
from decays of a new particle {or particles) produced at the hadron

vertex. To explain the preponderance of opposite-sign dimuons, it is
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necessary to assume that the new particles carry a new quantum number,
which we shall denote by C, and their scmileptonic interactions inter-
actions obey the rule AC = AQ in the hadronic scctor.

In the minimal model of gauge theory of weak and electromagnetic
interactions which is based on the group SU{Z)XUH)S‘ 9 and incorporates
the GIM mcchanismio wlhth four flavors of quarks, the new particles may
be charmed ones. In the deep inelastic region there are various mech-
anisms for exciting the charm degree of freedom above charm thrl'eshold,
as we depict in Fig. 6.

We note that the first process, [.e., charm production off valence

quarks, is not available for antineutrinos.

4, Issues

In the minimal model interpretation of dimuon events there are
threc issues we must pay attention to, to understand the gross features
discussed in Table 2.

(1) What is the s§ content of a2 nucleon?

{2) What is the ¢CT content of a nucleon?

(3) What is the inclusive branching ratio of muon-yielding decays
of the (generic) charmed particle ?

Our knowledge on these matters is not sharp enough to answer
these questions definitively. However, it is possible to set reasonable
qualitative bounds on thesc quantities. First, the precise amount of

qq pairs prescnt in a nucleon is a matter of considerable debate. The
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88 content of a nucleon is limited by our preconception that it should

not be larger than the uu or dd contents. However, say 5-10% contami-
nation of s5 pairs {(in terms of the contribution to the Fz function) in a
nucleon sceme reasonable and not contradicted by any known facts. We
shall use 5% in the following discussion. As for cT pairs, we know much
less. In the following discussion we will ignore them.

As for the branching ratio into muon channels, Gaillard, Lee, and
Rosncr“ gave an estimate of a few percent based on a naive quark model
and the notion that the 20 piece [in SU(4)] of nonleptonic Hamiltonian is
enhanced uniformly by the same amount as the octet piece in nonleptonic
decays of hypcrons and K-mesons. On the other hand if selective en-
hancement of a particﬂar nonleptonic channel 1s not operative, then the
branching ratio into muon cha.nneis may be considerably bigger. In
fact, if there is no selective enhancer.nent, and if all ordinary quark
masses can be neglected compared to the charmed quark mass, then the

above ratio may be estimated by a simple quark counting:

+d = red, blue, white
p p] g

¢ =+ 5 + (u
a o
C = S +u+y
[« 4 o ® v
- 8 +ety
a e
where « and § are color indices. Thus,

T{C-p+X} _ - 1

S T(C —~ all) =3y 317T " 2%
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We consider this as a loose upper bound. We shall use the figure 10%

in the following discussion.

5. Consequences - Predictions

Some of the implications of the assumptions made in the last sec-
_tion on dimuon productions have been discussed by Pais and Treiman, 12
Wolfenstein, 13 and l..Ieweilyn-Smith. 14

One of the most remarkable features of the dimuon events pre-
dicted from these assumptions is that there are two components in these
events. The small x :;omponent, which reflects the sea s§ content,
yields predominantly S = 21, C =21 final states. This component is
present both in v~ and v-induced events. The valence component, which
arises from the elementary -process W+ + d - c, reflects the valence
d-quark distribution, and yields predominantly S=0, C = +1 final states.
This la-tter component is present only in v-induced events.

The ratio of the charm production cross section to the "background”

deep inelastic cross section is summarized in Table 3:

-

Table '3

<t

v

Small x component

AC = #, AS = #1 ~5% ~5% x 3

Valence component

. 2
AC =21, AS=0 sin BC 5% -

ow+N~p +Ct-~-) o( 74 Neepp '+ C#=—-)
Total ofv+N=p +--) ot T+ N 4=
=10% =159




-43-
In this table we have used the empirical fact that

a('a+N_.,1++ ---):% olv + Nuo p + ===).

In this picture the relative rates of dimuon evenis are given by

oAv+ N—+p + C+ -==)

= x B.R. [C-—p.++v+-—-)=j%
olv + N-p + =)

for v-induced events, and

AT+ N~ + T+ ~er)
o7+ N~ p' +--x)

XBR (Cep +yv+--)=15%

Further,

- + -
olv +pp) _

2 = 0.5%.
oy - p)

The two-component nature of dimuon events is most important in

verifying the present interpretation. In Fig.71lhave sketched the expected

x- and y-distributions of dimuon events.
The experimental data bearing on the x, y distributions are shown
in Fig. 8. Because incident neutrino energy is not known, X io and

y. . _are defined as
vis

E_+E
Yvis= BE.TE +E_ -7
B [T¥]

X . = Ld z X
v1s. yvis

where v = Xy can be measured in a flux independent way. Because the

data are still statistically poor, I will not draw any conclusions,
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6. Exclusive Channels

There are several exclusive charm producing reactions for which
ahthive
we can make semiqualitative~estimates. These processes zare of interest
in experiments where final state particles are detecied and identified,

such as in the 15-1t bubble chamber at Fermilab.

Single charmed baryon preductions
vepep + C1++.

+

C
+ T - 1-!- -
v L 1e

Co

have been discussed elsewhere;“ they are expected to be rather rare.

One of these processes may have a bearing on the BNL event”’
- + + .+ -
v+#p—-p +A+w +u +mw +w,

Another class of processes for which one can make quantitative
estimates is the charm-strangeness two-body associated productions

of the type

- + +
vip—-p + K +C0 g

*

Near threshold, barring the existence of resonances in the hadronic final
states, the generalized Born approximation of Adleris and Shrockﬂ
should be fairly reliable. Shrock and 1 have considered this approuch,
and conc]udcdw that the cross sections for these proccsses aro abont

41 2 .+
10 cm , around ,-“-JU = 8 GeV. The total cross section for vp--p K CO
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is plotted in Fig. 9 (thie is preliminary). Since the total vp cross sec-

S -38 2
tion is about 5 x 10 ¢ at these energies, detection of these pro-

cesses would be very difficult.

e

3
-4l
10 cm"g

07274 6 8 10 Ey

-kt

vp— L K*CY
Fig. 9

A process of particular intcrest is the diffractive production of
¥*, which is 2 1~ ¢F bound state:
- +
v+ N-p +F*¥ +N.

Many authors have commented on this proccss and computed ite cross

11, 19-22 . ‘
section. Ii is given by
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2 2
dzcr - GFMEv cos ec uz )
dxd T 2 2
v Ve Q +g
QZH x) i-—y-Mxy/ZEv

yz o t2{o, ta )
Zn 1 L7 i+2xM?yEv

where
M: mass of the nucleon,
p: mass of F¥,
and o, and q,are the transverse and longitudinal F*N elastic cross sections,

and YF* is defined by

F4
- + .
(F* TR (0)l0> =t
B YF* B
In the following 1 shall simply assume 4 =0,0 =a, (F*N - F*N).
However, there is one effect of extrapolating the initial P* off the mass
shell which is likely to be quite important, viz., the minimal momentum

transfer allowed. So we23 multiply o by exp(btmin) where, in the

Bjorken limit,

t - -szz 1+ 1 (M?. + ;_1_2_)
min -~ 1 -x 2MEvy x g
-2
and b = 4 (GeV) .
In Fig. 10 I show a figure from the paper of Gaillard, Jackson,

2 .
and Nanopoulos. 2 What is plotted is the diffractive vector and axial-

vector boson production cross sections as fractions of the total neutrino
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cross section. Roughly, the ratio of the p and F* cross sections is

given byzz
Utot(F*N) 2 ypz _{Smb 2 (mp)
¢ (PN} v i B (ze mb) T
F
. Oy (V)
fraction ?T—--
10"
102
0%k
K
10"
Charged Currents
l()' [ 1 1 ' N 1 —
! 10 o*
E{(GeV)

Fig. 10
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Thus we expect that the F¥ diffractive production is sbout 2 X‘ 16~
of the tolal neutrine crose section. However, near the eflective thres-
hold of charmed particle production, i.e., at the energy range where
deep inelastic, charmed particle production cross section begias to
scale, the diffractive F* production may be an important, indced
dominant, source of charmed particles in the final state.

In Figs. 11 and 12 I have plotted the invariant hadronic mass
squared (WZ) distribution and the x, y distribution of the diffraclive

F* production.

Fig. 11

3

20 40 60 w2
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R=0

E,750GeV

plF)=5Gev?
Fig. 12

11
We have already discussed signatures of ¥* production. If F#

is sufiiciently heavier than F, then the decays
F*-~F+7n, D+ K

may be doniinant. If these processes are not energetically possible,

the electromagnetic decay

F*—&F‘PY
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+
is expected dominant. F would then cascade:
+ -+ -
F 1w w rr+, K K+1r+, -

+ +
nt v, Xt v, ---.

7. Dimuon Events of the Same Sign

In the minimal model, dirmucn events of the same sign are ex-

plained in terms of associated production of a charmed pair:

v+N-p +C+C+ ---

TR S S

While we have no way of estimating charmed pair producticon in neutrino
reactions, strange partic_le pair production in neutrino reactions is
known to be subgstantial {(~15%). To explain the ratio ofv — p—p_}f
alv — p.-p+) of about 0.1 we must assume that charmed pair production
is about {% of the fotal neutrino cross section above, say, 40 GeV.

An important corollary of this assumption is that the trimuen

events of the type

v+N-=-p +C+C+ -=-

J

must exist at the level of ‘10—2 of the dimuon events of opposite sign,.
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