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Abstract 

using a quadrupole focussed neutrino beam, 61 events with two muons in 

the final state have been observed in the HPWF detector at Ferrnilab. These 

include 7 ~ ~ events. A comparison of the event rate in two targets of 

different hadron absorption length indicates that attributing the events to 

n or K leptonic decay is ruled out by 4.0 standard deviations. No trimuon 

events were observed which, combined with lepton conservation, indicates a 

missing neutral lepton is present in most of the events. 
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We have reported previously evidence for dimuon production by neu

trinos.l,2 The experimental absence of trimuon events and the predominance 

of opposite electric charges for the observed events was used to infer from 

2
lepton conservation that these events have a missing neutrino. The inter

pretation of these events requires new particle production. In order to 

confirm the existence of dimuon events a new experiment was carried out and 

3
the results are reported here. 

4
The HPWF calorimeter-magnetic spectrometer was exposed to a very high 

energy neutrino beam obtained from quadrupole focussing of the parent 

hadrons. The quadrupole triplet was set to focus 200 GeV charged hadrons 

and the primary proton energy was 380 GeV. This beam is predominately com

posed of neutrino with a small admixture of antineutrinos (~l/7). A beam 

spill of ~l ms was used to minimize accidental coincidences. Events were 

detected in two separate targets, the liquid scintillation calorimeter and 

a large block of iron adjacent to the calorimeter (Hadron Filter). The 

trigger requirement for all events was either a single muon that penetrated 

the entire magnetic spectrometer or. an energy deposition in the calorimeter. 

A total of 114 dimuon candidates were observed and the events were 

distributed as 58 and 56 for the iron and liquid targets, respectively. In 

about 30% of the events one of the muons failed reconstruction because of 

chamber topology. The final number of reconstructed events from each target 

was 41 and 36 respectively. No events with three muons were observed. 

The momentum and angle of each muon was measured and extrapolated back 

into the appropriate target. The distance (6) between the extrapolated 

rays at the interaction point, determined by appropriate counters,is shown 

in Fig. lao Events with 6 < 50 cm were accepted in the sample provided 
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they passed additional requirements such as correct timing and correct posi

tion of the muon tracks in a 16 element hodoscope located in the magnetic 

spectrometer. The long spill of the neutrino beam and the time and space 

resolution of the detector reduce the probability of an accidental space-

time coincidence of two independent muons to a negligible level. Figure lb 

shows the resulting z (along the beam direction) distribution for the events. 

After applying a fiducial volume cut to the data there remained 27 and 34 

events originating in the calorimeter and hadron filter, respectively. 

The events were corrected for geometrical loss, i.e., the requirement 

that both tracks from an event pass through at least two spark chambers, 

using a Monte Carlo calculation. Each event was assigned a geometrical de

tection efficiency and a corresponding weight. 
+ - + To calculate the eve~t rate for ~ ~ production a sample of 18 ~ ~ 

events were selected in a further restricted fiducial volume in which 6200 

single muon events were also recorded. Applying the geometrical and esti

+ mated reconstruction efficiency to this sample gave for a ~ ~ to single 

2 
muon ratio (0.8 ± 0.3) x 10- where the error includes statistical and es

timated systematic uncertainties. 

+ In order to test the sample of ~ ~ dimuons for the presence of a back

ground which might arise from neutrino-induced single muon events followed 

by the decay of a pion or kaon into a muon and neutrino, a comparison be

tween the event rates for the calorimeter sample and the hadron filter sam

pIe was carried out. This comparison makes use of the different absorption 

lengths of the liquid scintillator and the hadron filter. The fraction of 

events originating from pion or kaon decays is defined as a, which is 

determined in turn from the dependence of the event rate on absorption length. 
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Table 1 lists the corrected rates for the calorimeter and hadron filter samples. 

To eliminate trigger bias we require here that at least one muon traverse~; the 

entire spectrometer. Note that the mass of the two targets are approximately the 

same. Note also that the rate for calorimeter and hadron filter events is 

the same when a restrictive p > 10 GeV momentum cut is required for in
jJ 

dividual muons. While (TI, K) background contamination is expected to in

crease rapidly with the decreasing momentum, there is no observed difference 

between the ratio of rates in the different targets for the lower and 

higher muon momentum samples. In Fig. 2a is plotted the event rate for the 

5two different absorption lengths. The significant rate at the extrapolated 

zero absorption length indicates the existence of muon production arising 

from sources tl~t are necessarily much shorter lived than TI or K mesons. A 

maximum likelihood analysis for a, incorporating the different absorption 

lengths and the detection efficiencies for events in the two targets, is 

presented in Fig. 2b. The best solution gives a = 0 and is four standard 

deviations away from the solution a - 1. 

While the sample of jJ jJ events is too small to obtain a statistically 

meaningful comparison we note that if all the events were due to (rr -, K-) de

cay, from the observed 4 events in the hadron filter and the estimated ratio of 

absorption lengths of 3.54, the number of events expected in the calorimeter 

is 14 as compared to the one event observed. Additionally, if 
( 
both jJ are 

required to have momenta greater than 10 GeV, only the four events in the 

hadron filter remain. It is thus unlikely that the jJ jJ events can be ex

plained as (TI-, K-) decay background. In Table 2 are listed the parameters 

for the jJ.jJ events. From the corrected number of events recorded in Table 

+ 1 the ratio of rates for jJ jJ to jJ jJ produc~ion is found to be 0.1 ± .05. 
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Note that three ~+~+ events were also observed as listed in Table 2. 

The projected transverse momentum P with respect to the p l ane formed
t2� 

by the incident neutrino and the first muon (PI) is given by2� 

The plane must also contain the momentum vector of the recoiling hadronic 

jet, and therefore P is the projected transverse momentum with respect to 
t� 

the hadronic jet. If the muon arises from pion decay, P is very closely�
t� 

the projected transverse momentum of the pion and the resulting distribu

tion is expected to fall exponentially with Pt. If the muon along with a 

missing neutrino arises from the decay of a massive new hadron, then the 

P distribution is characteristic of the mass and decay final states of the
t 

new particle. Figure 3 shows the P distributions for the ~ 
+ 
~ 

- events (Fig.
t 

3a, 3b, 3c) and ~-~- events (Figs. 3d, 3e, 3f) for increasing muon momentum 

- + +cuts. In the case of the ~ ~ events P has been plotted whereas for thet� 

evnts the P corresponding to the lowest momentum muon (i.e. P with�
t t 2 

The P distribution for the ~ 
-
~ 
+ events (Figs. 3a, 3b, 3c) are

t 

inconsistent with an exponential falloff that is characteristic of (TI, K) 

6
production as observed in neutrino collisions. The trend of the P dis

t 

tribution for the ~ ~ events (Figs. 3d, 3e) is also not characteristic of 

(~, K) production and decay and provides additional support for the exis

. tence of ~ ~ production that is not caused by (TI, K) decay. We note that 

the Pt distributions for both ~ 
-
~ 
+ and ~ ~ events appear to cut off at 

roughly P ~ 1 GeV/c.t 

A further related characteristic of the dimuon events is the distribu

tion of the azimuthal angle between the muon momentum vectors projected on 
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a plane normal to the neutrino direction. This correlation is shown in Fig. 

-+ -- -+
4a for both the ~ ~ and ~l~ events. For the ~ ~ events there is a ten

dency for two muons to emerge on opposite sides of the neutrino beam and 

there are an appreciable number of events with both muons on the same side 

of the neutrino beam direction. The ~-~- events are nearly uniformly dis

tributed in angle. 

The neutrino energy dependence of dimuon production is of interest in 

establishing the origin of the phenomena. In a previous experiment the ob

served fraction of dimuons relative to single muon production was found to 

-2 2
be (0.9 ± 0.3) x 10 where the error is statistical only. The mean visi

ble energy for these events was 55 GeV. Within error the corresponding 

ratio has not changed in the present experiment where the mean neutrino 

energy is roughly 100 GeV. Since the total neutrino cross section is found 

to rise linearly in this energy region it appears that the dimuon cross sec

. . h' 4tion a1so r1ses W1t neutr1no energy. Additional support for this conclu

sion is obtained from the ~ momentum spectrum shown in Fig. 4b. Using a 

flat y distribution, the calculated neutrino spectrum for the quadrupole 

triplet beam and a linearly rising cross section allows a predic~ion for 

the ~ momentum spectrum which is also shown in Fig. 4b. 7 The rough agree

ment of the prediction and the data in Fig. 4b is consistent with the assump

tion of a linear rising dimuon cross section. Note that if dimuon events 

with p > P ,Which may be examples of antineutrino events, are removed from 
+ 

~ j.l 

the sample, the resulting ~ spectrum would be distorted in the low momen

tum region compared to the predicted distribution. This distortion might 

be caused by a threshold in the dimuon cross section at low neutrino energy. 

In summary, the work reported here has established a dimuon signal 
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that� does not arise from the decay of pions or kaons produced in 

neutrino collisions. This conclusion is model independent and only depends 

on the hadronic absorption characteristics of pions and kaons. 

The first examples of ~ ~ events have been observed and are also shown 

to be unlikely to arise from (TI, K) decay. The ~-~+ dimuon production f01

lows� a rising cross section with neutrino energy; and a threshold behavior 

with� neutrino energy is not ruled out. Finally the projected transverse 

momentum spectrum is cut off at ~l GeV!c suggesting that a mass near or 

greater than 2 Gev!cfcharacterizes the dimuon events. 

It is a pleasure to acknowledge the aid and encouragement of the Fer

milab staff. 
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Figure Captions 

Fig. la The distribution in the distance between the extrapolated muon 

tracks at the Z position where the in~eraction occurred. 

Fig. lb Distribution of the dimuon event interaction vertices along the 

Z direction. 

2Fig. 2a� The number of events recorded per grn/cm of target for the dif

ferent absorption lengths of the two targets. The line is an ex

trapolation to zero absorption length. 

Fig. 2b Results of the likelihood analysis of the fraction, a of events 

that arise from IT or K decays. 

Fig. 3a The distribution of the ~ 
+ momentum component transverse to the 

+ 
~ -� neutrino plane (P for all ~ momenta. (b) Same as (a) butt) 

requiring p + 2 10 GeV/c. (c) Same as (b) except p + ~ 20 GeV/c 
u u 

is required. (d) The P distribution for the ~-~- events, for 
t 

the lowest momentum ~. (e) Same as (d) except the lowest momen

tum ~ is required to have p ~ 10 GeV/c. (f) Same as (d) ex
u 

cept for the requirement that the lowest momentum ~ have p ~ 

II 
20 GeV/c. 
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Fig. 4a The difference in azimuthal angles for the + 
~ and ~ muons. The 

neutrino beam direction heads into the paper and VI' V2 are the 

muon momenta projected on the (x, y) plane. Also shown is the 

same difference plotted for the ~-V- events. 

Fig. 4b The ~ momentum spectrum compared with the expected spectrum ob

tained for the assumption of a linearly rising total cross section 

and a flat y distribution. The cross hatched data refers to pos

sible antineutrino events for which p + > 
V 

P 
V 

Tables 

Table 1 The number of events observed in the liquid scintillator and 

hadron filter targets. Both corrected and uncorrected numbers 

Table 2 

of events are reported. 

momenta and EH to the hadronic energy. 

between the two muons. v
1,2 

is defined 

Parameters of the ~ ~ 
+ + and ~ V events. Pl,2 refer to the muon 

e
12 

is the opening angle 

as (2E sin
2e /2)/M where 

~ V p 

e
V 

is the muon angle with respebt to the neutrino beam direction. 

The measured values are uncertain to approximately ±15% in most 

cases. 



Table 1 

Rate in Liquid Scintillator VS. Hadron Filter 

Target 
No. 

Raw 

~f 

- +1.1 1.1 

Corr. 

No. 

Raw 

of lJ-lJ-

Corr. 

Target Mass 
gm/cm2 . 

Selection. 
. critari~ 

-, 

-
Cal 19 29.1 ± 8.2 1 1.8 576 

, 
Fiducial 

-.,. Hadron 
I:'ilter 23 

/ 

28.7 ± 8.3 4 

. 

4.3 590 

r 

Cut 

and Identical 

Trigger Requirements 

- . - - .. -  . - - .

. 

_.

Cal 11 15.2.± 4.6 . 

, 

0 0 576 
Above 

Requirements 

und 

p 
1.11 

> 10 GeV 
, 

Hadron 
Filter 

( • 

12 13.8 ± 4.0 4 4.3 

l 

590 
? 

lJ2 

-

> 10 GeV . 

(. 

b'I 
1 
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Table 2 

+ +
Parameters of the ~ ~  and j.l j.l Events 

P P 8 P P
Event Event ~  1 2 12 t 1 t 2 

v vNumber Weight Target (GeV) (Gev/c) (GeV/c) (mr) 1 2 (GeV/c) (GeV/c) 

573874 .96 Filter 53.3 1l.5 111 .07 .024 .58 .16 

575921 .97 Filter 30.6 14.0 67 .04 .09 .6 .6 

585090 .98 Filter 57.9 38.8 89 .095 .024 .34 .14 

603533 .98 Filter 25.2 12.8 81 .002 .06 .09 .36 

609761 .51 Calorimeter 123 51.7 6.1 65 .09 .03 1.9 .38 

574313 .66 Filter 14.1 5.5 300 .76 .14 4.0 1.1 

614121 .06 Calorimeter 22 19.9 4.2 295 .42 .03 2.7 .33 

561828** .58 Calorimeter 22 8.8 4.8 68 .15 .04 .36 .13 

611084** .96 Filter 17.5 9.1 255 .2 .06 .17 .07 

622417** .66 Filter 28.5 2.4 125 .1 .003 .05 .00 

+ + 
~*j.l j.l Events 

f--' 
f--' 
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