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Abstract

Neutrino interactions with two muous in the final state have
been observed in the Caltech-Fermilab neutrino experiment. At the
~ 1% level neutrino events are observed to have an "extra" muon.
Calculations for the decays of T and K mesons in the hadron final
state give numbers which make this mechanism for the signal unlikely.
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For the past few years, considerable emphasis has been plgced on
studies of neutrino events with no muon in the final state. These, of
course, reprasent the neutral current interaction and understanding the
characteristics of this interaction is receiving a great deal of effort.
"Ordinary" neutrino events having a single muon in the final-state
test many of our idecas about the sﬁructure of hadrons. Accurate deter-
mination of the behavior of the total cross section and structure functions'-
are esse;tial for our understanding of the charged current interacéions.
Besides these two interactions, searches for events having two muons
in the final state have been considercd as possible signals for new ﬁhysics.
For example, if a W-boson were produced in v collisions a charactefistic
sigﬁal weuld be a pair of muons in the final state. Also, produétion of
neutral heavy leptons, four fermion interaction, or new short-lived states
produced ig the hadron system also could be sources of "extra" muors in
neutrino interactions. The characteristics of the events from these
different possible sources are different. - A .
We repoft here on the observations of two-muon'even£s in a recent Caltech-
Fermilab experiment, compare the rate and energy spectrum with that
expected from the decays of #'s and K's in the hadron-sﬁower, and present
the characteristics of the events that represent an apparent signal_(and '

probably new physics).

Reacticns Relative Raﬁe
No muou-0p (neutral currents): v+ N- "v'" + X 0.2 ~ 0.4
Single muon-1p (charged currents): v + N—p” + X 1.0

Double muons~2p (new physiecs 22); v + W~ u+ +p +X ~ .01
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Events with two muons in the final state have heen observed for some
time iu the éaltcch—Fermilab experiment. A search foxr W-bosons by looking
for eveats with two muons in the final state has previously been rcported.j
No events characteristic of W-boson production were found, and a wass Iimit
of MW ? 8 GeV (depending on B.R. into leptons) was sef. Lvents from W-boson
production and decay are expected to have an energetic p+, slow p", and

little hadron energy (since the production is electromagnetic). The only

observed 2p events were -accompanied by significant hadron energy (Ehad)’
and therefore, did not come from W-boson production.

The wmost plausible simple explanation for the observed events was
that they resulted from the decay of 7's or R's in the hadron cascade.
More information or this source of background was needed before conclu.
sions regarding the source of these events could be diawn.

We report here preliminary results of a run conducted in the narrow
band Caltech-Fermilab neutrino beam during September and October.of 1974.
Much care was taken to calibraté and ﬁonitor the calorimeter which méasured
hadron enérgies in y-events. The experiment was primarily 7u.5ﬂétEd.t$
pursue neutral current investigations, and for much of the running, the
neutrino beam was "mis-steered" by ~ lmr from the center of the apparatus
to enchance the relative number of high energy neutrinos Cvk vs. vﬂg in
the beam.

Several features of our apparatu32 relevant to the investigation of
"extra" muon events should be pointed out: the target: is a dense material
(Fe) minimizing decays from 7's or K's in the hadron cascade; muons are
identified with good solid angle down to ~ 3 GeV because of the integrated
Fe detector; however, the muon specirometer has small aperture which means

the muon momenta and sign are determined only for a fraction of the events.



Figures 5 and 6 show the data along with the predicted curves for
neutrinos and antineutrinos respectively. The figures indicate t?at
although the low eaergy p's (S 10 GeV) might be substantially accounted
for by 7 and K decay the high energy observed muons are highly unlikely to '
come from this source. From thié, we conclude that there are épparently 2
events that are not easily explainable by 7 or K decay.

We now discuss the properties of these events. We limit Aurselves
first to the events with ‘a high energy second wmuon such that any background
events from @- p decay are negligible. Tor the neutrino runniﬁg we have
4 events with E: 2 14 GeV (the "extra" wmuon) while only 0.2 events from

7 and K decay are expected.

The properties of these & events are given below:
(1) All have opposite sign p's
2 E_. >E
(2) ' ‘L—'x- |
- /’ <
TABLE '

- Epad+| g 2 [
Evt | B Bt | Bpoa |20 | Beor y Q L R W

1 84.8 18.8! 64.6 83.4} 168.21 0.5 | 39.6 3.4 0.7 10.9
2 29.8 19.0f{ 82.9 | 101.9% 131.7{ 0.77] 5.7 .5 -10.8 13.6
3 62.2 14.1:-71.2 85.3¢ 148.5} 0.58] 24.9 | 2.6 1.0 1l.6

4 62.1 44.8; 25.1 692.9§ 132. 0.531 22.1 | 5.4 2.2 10.4

Averages: 24.2 144.9

Note that the invariant mass W is the mass of the system recoiling
against the g~ (for incident v s). The main features are that all events
are frowm kaon neutrinos (Ev:>90 GeV), they have Q2 values typical for deszp

inelastic scattering cvents, there is no peak in distribution for the



invariant mass of yu-p system (MP-P- ), and the invariant mass W.is very large

(W2 10 GeV). This last feature is not due to experimental biases. The W
invariant mass distribution for these cvents is shown in figure 7 al'ong
with the corresponding distributions for all kaon neutrino events. To
check whether the events with E: (extra) < 14 GeV also have hig.h invariant
mass, W was calculated for 5 more events haviqg at least one i through the -
magnet. In that case it is more probable that some of those events origin-
ates from 7 and K decays. However all but one of those events also have

W > 9 GeV.

In conclusion, we observe for 2313 events vu + N -*'u.- + hadro_né
at least 4 events \)p. + N-— p.+ 4+ p” + hadrons which are not easily explained

by T or K decay and estimate the total signal for
< E\)>~ 150 GeV - - 4-8 events/370 '\)K events (~ 1-27),

and for < Ev> ~ 55 GeV -~ & 1 event/490 v, events (S 0.2%) -

During the antineutrino rumning we observed 446 single ;L+ events and
only two events with an extra muon. This rate is compatibl.e with 7 and K
decay calculations. However, the sample is not statistically sigﬁificant
and no conclusions can be drawn about production by antineutrinos.

In summary, new physics seems indicated by the oBservation of neutrino
interactions with two muons in the final state.(3) Moxe experiment_ation
will be necessary to isolate and study this new phenon;enon. Howvever, since
the level is approximately 17 of Vg events the phenomenon .is certainly

accessible experimentally.
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Figure Captions

A type 1 2y neutrino event.

A type 4 2p neutrino event.

The probability that a muon of energy E > E‘L will originate
from T and K decays in a hadron shower of energy Ehad
cascading in the Caltech-Fermilab iron neutxino taxjgei:.

The hadron energy distribution in 1lp char.:ged cuxrrent

neutrino events.

Nevutrino rumning - Number of 2p e;ients_ with a " p.+" energy

E> EI»L' The curve is the expected number from 7 and K decays. -
Antineutrino running - Number of 2p events with a ™" energy
E > EIL"' The curve is the expected number f£rom 7 and K decays.
The invariant mass distribution for 2y events comp;ared to

the W distribution of kaon neutrinos (the kaor neutrinc

energy spectrum consists of a band about 150 GeV, the pion

neutrino energy spectrum consists of a band about 55 GeV).



S, S/74  EidEt4as

RUM_ 1402
EVIHT 894

I NEAK NS W BN WU DU Y "‘7"~ " ) /
b éfgﬁé’ﬂ‘g;f deposited Y P Lo é‘
3 . N N - oo f
. ‘ in celorimerer 3 & /&'f vea
_‘ ':‘l L ‘_lll !l l4|l|1,1 ;-}l‘l_.: -
53 nao llnliag’nnnha:?uhIlhEpunlllﬂlhou‘htl?nuﬂu v
- HupRROMbaaaabdRn. bR RN * -)
) . M.}/"
v BEAM <! o R s .
s - R ~SIDEZ .
. ‘4.
24'.59'0245'903465024; 0o 2 4 6
- ':' L - - g " e " " e -
: L
LS P e
oot , T
. .
...... = HAGHE 7"
* 0 )
e m e e e e e e e e o e = o- B - e e
N =

-



9/ 6,74 2121014 .-
o : ' EVUHT

R TSI R Yo |

1 ] 1 4 3 ‘l
Energy daposited
& 5 -,
o Calppime i

RUN 1413

oA

1
-a

- 'Ll‘!i-_: L e g . -

45 0 s 20 15 1 5 -
WRARNER RO ANUNER AT NORTAEA BARW . *
‘unubhnnuhon MMNE mEhAUNM® ; . . ¢

L] . ' ’ -
s - = -
» a2 ~[:..‘5n>.z;7 ;
B e o SN
~~~~~~ -, MM*—M

2 4 ¢ B 02 3 608 02 4680 )2 & o g 4 ¢

e I R e - e F
P T ety ;.'WF'-"M
> m‘_ .'-OP_

. q&
_____ L = MAGYET

e e e e e e m e e om o= - *'n . e e



FROBABILITY S ‘
‘\\\\“ ! ! ¥ T -

(LR

t i{lilin

CON ) iu;i'

]




SINGLE W
MEUTR\N@
EVENTS;

. . L .
(2213 Events)




1Y i N i —ra
204 NEYTRING E VEA

WITH W ENERGY ‘wf:i

d
!

9
: E?@?ES@T@ FRAM N\ :
" T AND F Dhm\fs

B 8 . ) " "

5 {0 ) 20 2% 3o




6 6

¥ g : 3 B

P T2 h A
\wl\/)

],
Esr 72 W

2 //z’ BN CE
S T S A
EVEITS WITR  pt

NI D AN Y, o
=NaRGY 2k,

1 ]

EXPECTED FROM

/ T AND B BECAYS

L ) 1) B

5 o

(5 20 25 30

(==
wa,
PRIy

/’ -r
[‘“ AL, ( C?Z:;’ \r‘:;?



