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i. Introduction 

I planned to talk about the role of anticommuting symmetry trsrs - 

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 HPWF. 

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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In addition. the CalTech-Fermilab collaboration3 has observed 4 di- 

muon events with both muons gotig through the magnet which is used 

83 a muon spectrometer. 

The antineutrino horn beam is an antineutrino-enriched beam. 

It contains approximately the same number of ;Is as v’s, The dwble- 

horn antineutrino beam (with a plug) is about 90% pure. The other 

beams are tiostly neutrino beams with abaJt 90% purity. 

2. What Is .A Dimuon Event? 

A typical dinuon event is schematically shown in Fig. 1. This 

particular event originates in the hadron calorimeter which cbntains a 

scintillating material in mineral oil. In this cake two muons of 

opposite signs go through lhe steel hadrop filter and are momentum 

analyzed in the muon spectromefrr. 
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That the two muons emanate from the same neutrino interactiw 

can bc verified by the spntizl coincidence of thr twg muon tracks at the 

event vertex 2nd the temporal coincidence of the two muon detections. 

Figure 2 shows the distribution of diurnuon event:; in the visible 

energy. Evis. 

Evis 
= Eli+ Ep, + E+ 

where E II is the hadronic energy deposition in tbt calorimeter, and 

E +E 
flf e! 

is the sum of muon cnergias. The rate is proportional to 

the neutrirlo cvcnt rate, defined as the nc~trino flux times tlrc mxltrino 

energy. 
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The basic parameters of the dimuon events arc sunmarizcd In 

Table 2. The strongest evidence that the second mwn (pC in v-induced 

Table 2 
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3. Source of Dimucn Events 

The rather large observed rates for dim,,, events rule out the 

possibility that these arc four-leplon interactions irl mrclcnr Coulomb 

field. Figure 4 shows Ihe distribution of v-induced dimnon events as a 

function of the II- morwxturn P- and the II’ momentum P+. The s:raig!rt 

line corresponds to I’+ = I’-. Tbe riun~lxrs attached to cvcnts marked 

by triangles are the hsdronic energy depositions far erc~ts originativ< 

in the hzdron calorimeter. 

Fig. 4 

One notes immediately the preponderance of events in which 

P- > P+. This is in opposition to the expectation4 for the decay of the 

intermediate boson W’ 

v+N-+L-+W++N 

L;.. 
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which is produced in nuclear Coulomb field, in which case P+ > P-, 

and lhe hadr<,nic shower is expected lo bc “quiet”. 

Tlrcso cvcnts are nit likely tu co%c Iron> dccily~ 01 neutrn? henvy 

leptcns IL?1 might be prcduc c? in # v-induced reacticns:” 6 

LO -‘l’+tp +Y. 

In ftct, Fais zcd Treimzn’l considered the ratio <P> /<I’+> asscming 

?ht thz opposite sign muons hax the same parent and t!x abcvc decay 

is dcsc;Xwd by a ljcal interaction (S, D, T. V, and A). Extremizing 

the ratio iv% respect to the velccity ar.d polarization of t!xc parent 

heavy lcplon, they obtained the bounds 

0.46 <<Pm>/<P+>S 2.1. 

This ratio for the events shown in Fig. 4 is 

<PM>/<P,> = 3.7 f0.7 

which is well beyond the upper bound. The HPW?? group further notes 

that it is statistically consistent to assume lhat events with I’,. > P are 

caused by the r contamination. Excluding these events. they obtain 

<P) I.$‘+> = 8.5ti.7. 

It is therefore very unlikely that all of the dimuon events arise from the 

decay of a neutral heavy lepton. 

Another piece of evidence,, perhaps intuitively more appealing, is 

the dimuon mass distribution as the incident nentrino energy changes. 
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II the dimuons came from a common parent of well-defined mass, the 

mass dietribution should be independent of the v-energy. Figure 5 

shows however that the dimuon mass distribution tends to be broadened 

as E vls increases. 
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It is therefore extremely plausible that the extra muon comes 

from decays of a new particle (or particl+ produced at the hadron 

vertex. To explain the preponderance of opposite-sign dimuons, it is 



necessary to assume that the new particles carry a new quantum number, 

which we shall denote by C, and their scmilcptonic interactions inter- 

actions obey the rule AC = AQ in the hadronic sector. 

In the minimal model of gauge theory of weak and electromagnetic 

interactions which is based on the group SU(Z)MJ(l) a.9 and incorporates 

tl,e Glhl r~,cclmnisnr 
t0 

wlth four flavors ol quarks, ilw ,,CW ~,nrllclcs n,ny 

be charmed ones. In the deep inelastic region there are various mech- 

anisms for qxciting the charm degree of freedom above charm threshold, 

as we depict in Fig. 6. 

We note that the first process, 1. e. , charm production off valence 

quarks, is not available for antineutrinos. 

4. Issues 

In the minimal model interpretation of dimuon events there are 

three issues we must pay attention to, to understand the gross features 

discussed in Table 2. 

(i) What is the SS content of a nucleon? 

(2) What is the cF content of a nucleon? 

(3) What is fhe 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. Ilowever. it is possible to set reasonable 

qualitative bounds on these quantities. First, the precise amount of 

qq pairs present in a nucleon is a matter of considerable debate. The 
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SK content of a nucleon is Iimitcd by our preconception that it should 

not be’largcr than the u?i or dz contents. However, say 5 -10% contami- 

nation of SX pairs (in terms of the contribution to the F2 function) in a 

nucleon soemt reasonable acd not contradicted by any known facts. We 

shall use 5% in the following discussion. As for cF pairs, we know much 

less. In the following discussion we will ignore them. 

As for the branching ratio into muon channels. Gaillard, Lee, and 

Rosner ‘t gave an estimate of .a few percent based on a naive quark model 

and the notion that the 2 piece [in SU( 4)] of nonleptonic Hamiltonian is 

enhanced uniformly by the same amount as the octet piece in nonleptonic 

decays of hyperons and K-mesons. On the other hand if selective en- 

hancement of a particular nonleptonic channel Is not operative, then the 

branching ratio into muon channels may be considerably bigger. In 

fact, tf there is no selective enhancement. and if all ordinary quark 

masses can be neglcctcd compared to the charmed quark mass, then the 

above ratio may bc estimated by a simple quark counting: 

c - s, + (up + zP) 
a 

p = red. blue. white 

c es +p+v 
‘7 P P 

- S,+e+G 
e 

where P and fi are color indices. ‘I’hus. 

,+.- 
I-(C- p+X) 1 

l-(C - all) =3+1+1 
= 20%. 
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We consider this as a loose upper bound. We shall use the figure iO% 

in the following discussion. 

5. Consequences - Predictions 

Some of the implications of the assumptions made in the last sec- 

.tion on dimuon productions have bee” discussed by Pais and Treimnn. i2 

Wolfenstein, 
13 

and Lleweilyn-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 component, which reflects the sea 65 content, 

yields predominantly S = fl, C = +i final states. This component is 

present both in Y- and ii-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 = +i final states. 

This latter component is present only in v-induced events. 

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

deep inelastic cross section is summa&ed in Table.3: 

Y v 
Small x component 

AC = fi, AS = tl -5% -5%x 3 

Valence component , 
AC = l i, AS = 0 - sin2e c -5% 

,,(,,+N-p-+Ct ---) o(viN-p++C+---) 

Total o(v+N-p-+--) o(F+N-.p++--) 

-10% =15% 
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In this table we have used the empirical fact that 

Hv+N-,,++---)+v+N-,A-+---) 

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

dv + N - p- + C + ---I x B. R tc _ ,,+ + y + ---) = tg 
dv+N-p-+--j 

for v-induced events. and 

dT+N--);t+c+--4 xB,R, ,c 

dF+N- p+ 
4 w- + Y + --)=t.s%. 

+ ---) 

Further, 

d; - P+P-1 = o.57a, 

dv - r-r+, 

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

verifying the present interpretation. In Fig. 7 I have 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, xvis and 

yvis are defined as 
EH+ E 

p2 
y”tS ‘EB+E +E sy* 

pi rq! 

x. E v2x 
vs Yvis 

where Y = xy can be measured in a flux independent say. Because the 

data are still statistically poor, i will not draw any conclusions. 
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6. Exclustvb Channels ,-_-- 

There are several exclusive charm producing reactions for which 

WC can make semiqu~!timates. These processes zre of interest 

in experiments where final state particles are detected and identified, 

such as in the IS-It bubble chamber at Fermilab. 

Single charmed baryon productions 

++ 
v+p-p -+ci , 

I 

I 
+ 

Ytn- % + + )L- 
CO 

have been discussed elsewhere; 
ii 

they are expected to be rather rare. 

One of these processes may have a bearing on the BNL event 
15 

v+p-IL- + A + ,’ + 1T+ + TX+ + tr-. 

Another class of processes for which one can make quantitative 

estimates is tbc charm-strangeness two-body associated productions 

of the type 

v+p-p +K++CO+,. 

Near threshold. barring the existence of resonances in the ixdronic final 

states, the generalized Born approximation of Adler 
16 

acd Shrock 
17 

should be fairly reliable. Shrock and I have considered this approach, 

and concludcdi * that the cross sections for these prscvescs arc :.bo?lt 

:o cl-n2 
-41 

, arr>urKl .:J = 8 GCV. ” The total cross section for vp -- Jo- K-CO+ 



is plotted in Fig. 9 (this is preliminary). Since the total vp cross sec- 

tion is about 5 X 10 -38 cm2 at these energies. detcctinn of these PI-O- 

cesses would be very difficult 

3= 
10-4'Cm2 

2 

0 2 4 6 8 IO Ev 
up -/L-K+C; 

Fig. 9 

A process of particular intcrest is the diffractive production of 

F*. which is a j- cS bound state: 

y + N - p- + F*+ + N. 

Many authors have commented on this procc-ss anti computed its ~ro;i3 

section. 
il. 19-23 

It is given by 



-ia- 

d20 
GFME cos2e 

dxdy 1 
-.-A+ 

yF* 

i-y-Mxyl2E 

’ “1 +‘(*L+%) i+&M/yE 
Y 

” 

where 

M: mass of the nucleon, 

P: mass of F*, 

and p and 
9. 

are the transverse and longitudinal F”N elastic cross sectiom. 

and y 
F’ 

is defined by 

,’ 
(F;*+(i)lJ 

* 
(O,Io) =& 

/’ 
yp* p 

I” the fOlkwing 1 shall simply assume 9. = 0, oI = eel (F*N - F”N). 

However. there is one effect of extrapolating the initial F’ off the mass 

shell which is likely to be quite important, viz., the minimal momentum 

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

Bjorken limit, 

t.” P g f 
1 I+- 

=-,,Y 

and b = 4 IGzV)-~. 

In Fig. 10 I show a figure from the paper of Gaillard, Jackson, 

and Nanopoulos. 
22 

What is plotted is the diffractive vector and axial- 

vector b*son production cross sections as fractions of the total neutrino 
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Cr*SS seCti*“. Roughly, the ratio of the p and F* cross sections is 

given by 
22 

iO-5 I I I I 
I IO IO2 (-1 I& 

E,,(GeV) ~ 

Fig. IO 



Titus we eirpe~t that the F* diffraclivc production 11 Jboul 2 X 10S3 

of the Cd.31 neLtr~ino crws :;ection. Iiowcvcr, near the cfIectivc t::rts- 

hold uf charmed pa-tick productian, i. e., at the energy range where 

deep inelastic, charmed particle produclion cross section Lcgins to 

scale, the diffractive F* pr‘oduclion may be an importxrt. indeed 

dominant. source of charmed particles in the final state. 

In Figs. ii and 12 I have plotted the invariant hadronic mas3 

squared (I? . ) dwtnbutmn and the x, y distribution of the diffractive 

F* production. 

20 40 60 W2 

Fig. lt 
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Fig. i2 

We have already discussed signatures of F* production. 
11 

If E‘” 

Is sufficiently heavier than F, then the decays 

F’ - Ftr,. Dt K 

may be dominant. II these processc~ ax’e not energetically possible, 

the electromagnetic decay 

F*-Fty 
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Is expected dominant. F+ would then cascade: 

F+ - 1~-v+n+, K-K+n+, --_ 

Ill+“. x1+“. ---. 

7. Dimuon hrents of the Same Sign 

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

plained in terms of associated production of a charmed pair: 

v+N-p- +c+F+ --- 

L- p + Y + ---. 
While we have no way of estimating charmed pair production in neutrino 

reactions, strange particle pair production in neutrino reactions is 

known to bc substantial (- 15%). To cxplnin the ratio o(v - IL-~-)/ 

tip - p-p’) of about 0.1 we must assume that charmed pair production 

is about t% of the total neutrino cross section above. say, 40 C&V. 

An important corollary of this assumption is that the trimuon 

events of the type 

v+N-p- + c + F+ --- 

L J + ” + --- 
1 P- + Y + --- 

must exist at the level of 10 
-2 

of the dimuon events of opposite sign J 
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