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1. ABSTRACT

From exposures of the CDHS detector at the CERN SPS we have obtained 367 p~u~ events in
neutrino beams and 73 p*£* events in an antineutrino beam. The magnitude of a prompt like —sign
signal has been controversial in the past and moreover could not be explained by known production
mechanisms. A critical discussion of the experimental situation is given. We have tried to reduce the
systematic uncertainties of previous experiments and to get more irifortmation on the dependence of the
signal with energy and the muon momentum cut — off. This experiment yields a signal of 2.8s (2.40) of
prompt like —sign dimuon events in the case of neutrinos (antineutrinos). The rate to charged current
events is of the order of 107* for p, > 9 GeV and E > 100 GeV. The prompt signal has all the
properties expected from the production and decay of charnm —anticharm: events. The magnitude,
however, is substantially higher then the prediction of perturbative QCD but lower than some other
experiments. ‘



1. INTRODUCTION

Both the experimental situation and the theoretical interpretation of neutrino produced like — sign
dimuons are still far from clear. We begin here with a brief review of the experimental situation. The
earliest experiments [1—3] gave indications for, but did not convincingly demonstrate, the existence of
prompt like —sign dimuons. Although of the order of fifty events had been seen in the two latter ex-
periments [2,3], the backgrounds, chiefly from pion and kaon decay, were estimated to be of the same
order of magnitude and somewhat uncertain. The CDHS experiment [2] dici have the power to give
useful upper limits on the "wrong sign” like—sign dimuon reactions » + N = p* + p* + X and
v+ N+ pu~ +p~ + X, because the exposures were in narrow band beams, with little antineutrino
contamination in the neutrino beam and vice versa.

These early experiments were followed in 1979 by a second CDHS publication. [4] based on con-
siderably higher statistics. Two hundred and ninety examples of the reactiony + N » p~ + = + X
and 53 of the reaction # + N +» p* + p* + X yielded, after background subtraction, the respective
prompt signals 67 £ 37 and 19 + 10. Despite the increase in statistics, the significance of the signal
was still less than two standard deviations in either case.

In 1981 three groups published new results, the HPWF {5], the CCFRR [6], and the CHARM
[7] Collaborations. The CCFRR results have since been revised (8]. In Fig. 1 all previous results for
the ratio of like —sign to single —muon cross — sections are shown as a function of the total measured
energy, Evis‘ The experimental points, in general, increase steeply with energy and are not, on the
whole, in disagreement with each other, given the large quoted errors. However, the CDHS point is
quite low with respect especially to the CHARM results [7].

Comparison with bubble —chamber publications [9] on the closely related neutrino production of
like — sign muon —electron pairs, in the hope of resolving this contradiction, is difficult because the
energy cut —off for the electrons is usually less than 1 GeV in these experiments, and above 6§ GeV no

results are available.



Theoretically, the only possible source for like sign dimuons, if we restrict ourselves to known
particles and interactions, is the creation of a charm —anticharm pair in the hadron shower of a normal
cha:ged-—current interaction. But perturbative QCD caleulations [10] lead to rates which are consider-
ably lower than those experimentally reported. Although it is possible to imagine non — perturbative
contributions which are much bigger [11], quantitative calculations are not possible in the present state
of the theory, and in the somewhat parallel intermediate photon production of charmed quark pairs,
observed in dimuon production by muons, perturbative QCD seems successful [12, 13}.

Given the experimental questions referred to above, and the importance of the result, since new
physics may be indicated, we have decided to attack the problem once again. Our main concern in
this.new effort was an improvement in the systematics of the background subtractions. To this end, as
was not the case in our previous work, the reconstruction and selection of the events is done by the

computer without human intervention®.

2. NEUTRINO BEAMS AND DETECTOR

The results presented here were obtained in the CDHS detector exposed to three different neutri-

no beams at the CERN 450 GeV Super Proton Synchrotron: |
1. A 300 GeV narrow band beam (NBB) ncutring exposure in 1979/80. In this bearn secondary
hadrons are momentum selected to 300 GeV + 5% and focused to a parallel beam (divergence
~ 0.2 mrad) for the traversal of the 300 m long decay tunnel. This beam has the disadvantage
of limited intensity, but the advantage that the antineutrino background is very low. The in-

tegral proton intensity on target was 2.2 x 103,

! Previously we have analysed a data sample of similar size [14]. At the ime data were selected and reconstructed by human
interaction which did not allow a reliable calculation of the systematic uncertainty. However, the result of the former work is
in agreement with the result of this analysis which is superior from the point of view of systematics.



2. A 400 GeV wide band beam (WBB) neutrino exposure in 1983. In this beam 400 GeV pro-
tons strike a target. The positive hadrons emitted in the forward directions are achromatically
focused in a Van der Meer horn [15], and the negative hadrons defocused. The integral proton
intensity was 1.3 x 1012,

3. A 400 GeV WBB antineutrino beam, produced in the same hom with reversed current. The
integral proton intensity was 2.6 x 10*2, |

The yields of the inclusive charged —current process, v(#) + Fe = p—(u+) + X for the three
exposures are shown in Fig. 2 as a function of the energy of the neutrino events. Since the cross—
section of the charged — current reaction is proportional to the neutrino energy, the neutrino and anti-
neutrino spectra can be read from Fig. 2.

The detector used in the v NBB exposure has been described previously [16]. Briefly, it consists of
19 modules of 3.75 m diameter iron plates, toroidally magnetized. Each module has a total iron
thickness of 75 cm and a mass of ~ 70 t. Scintillator planes between iron p]ates‘ arc used to measure
the energy of the hadronic shower. Drift chambers between modules, each in three projections, meas-
ure the muon trajectory. The detector has tlhree important advantages with respect to other detectors,
especially for the study of like —sign dimuons:

1. The geometrical acceptance for both muons is very near unity, since both are focused towards

the detector axis.

2. The mean free path for hadronic decay is short, since the density is high. This is important
since the basic problem is the detection of a prompt signal above hadron decay background.

3. The fiducial mass is large. This is important because the like — sign rates are low.

Between the NBB run and the later WBB runs in 1983 the détector was improved. Eight of the
modules were replaced by ten new modules. The latter were thinner, containing only 50 cm of iron
plate in place of 75 cm, and the sampling thickness decreased from 5 cm to 2.5 cm of iron. Further-
more, the scintillator strips were narrower, and, alternately, in both vertical and horizontal projection,
so that the spatial reconstruction of the hadron shower was improved. These modifications were only

of secondary importance in the study of like — sign dimuons.



Events were accepted if:

1. The vertex was inside a radius of 1.6 m. A small rectangular region at the centre of the mod-
ules where the magnetization coil passes, 0.3 x 0.2 m for the old and 0.1 x 0.1 m for the new
modules, was excluded.

2. In the NBB exposure the vertex was required to be within the iron thickness 0.15 — 9.75 m,
leaving a minimum of six modules for muon momentum measurement at the end of the de-
tector. For the WBB exposures the vertex was required to be within the iron thickness
0.25 — 8.75 m, leaving a minimum of six modules. The corresponding fiducial masses were
650 t and 540 t, respectively.

3. Both tracks were required to traverse at least six drift chambers to assure an acceptable recon-
struction efficiency.

4. 'The first track has to start at least in the third drift chamber downstream from the vertex.

- 5. The distance between the two —muon tracks as projected on the vertex plane is smaller than
20 em.

A typical like — sign event is shown in Fig. 3.

In order to make comparison poésible with the charged —current rates, as well as to permit the
calculation of the pion and kaon decay background, single—muon events were also recorded, but at
the reduced, scaled rate of 1 in 64.

The calculated geometrical acceptances for the three inclusive reactions, single —muon (charged —

current), opposite — sign dimuon and like — sign dimuon, are shown in Table 1.



3. EXPERIMENTAL RESULTS

Events were computer sclected and reconstructed. In addition to like—sign dimuon events,
charged —current and opposite —sign dimuon events were also retained in order to make rate compari-
sons possible. From the measured muon energies, E; and E., and the hadron shower energy Eyy we
calculate the visible energy Evis =E, + BE; + EH of the event. The data were divided into three bins
of visible energy : 30 — 100 GeV, 100 — 200 GeV and 200 — 300 GeV, and tabulated for three min-
imal values of the muon momentum: Py > SGeV, P, > 9 GeV, and P, > 15 GeV. For dimuon
events the measured energy E_._ is not, even apart from experimental resolution effects, the true neu-
trino energy, since in general a neutrino is missing. In the case of opposite —sign dimuons this average
missing energy is ~ 12%. The raw event numbers are given in Table 2. We point out that the lumi-
nosity (neutrino flux x fidacial mass x dimuon detection efficiency) of this experiment is about five
times that of the nearest other exﬁeriment [71.

The raw data must be corrected for geometrical acceptance, reconstruction efficiency, and the
background must be subtracted. The geometrical acceptances have been calculated by Monte Carlo
technique, under assumptions for the angular and momentum distributions of the muons according to
the measured structure functions in the case of single —muon events, according to the charm hypothe-
sis in the case of opposite —sign dimuon events and according to the /K decay Monte Carlo program
in the case of like—sign dimuon events, and have been given in Table 1. The opposite —sign dimuon
acceptance is smaller than the like —sign because the second muon is outbending in the magnetic field
and therefore has a greater probability of leaving the detector before satisfying the range requirement of
six chambers traversed.

The reconstruction efficiency was determined by scanning a fraction of the events which satisfied
the two —muon trigger, independently of success or failure in the reconstruction program. These effi-

ciencies are given in Table 3.



The background is dominated by muons produced in the decay of pions and kaons in the hadron
shower, but there are also non —negligible backgrounds due to trimuon events in which one muon of
the secondary pair has a momentum of less than 6 GeV, and “overlay” events in which two indepen-
dent charged —current events are so close in space and time that they are not distinguished by the re-
construction program.

The = and K decay background is obtained by a Monte Carlo calculation in which cﬁargcd—
current hadron shower energies are generated according to the observed distributions, and the individ-
val hadrons in each shower are generated according to both experimental and theoretical information
available. It is the uncertainty in the hadron shower fragmentation which is entirely responsible for the
uncertainties in this calculation, since the other parameters which enter -~ detector density and geom-
etry, and pion and kaon lifetimes — are well known. As much as possible the data were taken from
peutrino interactions observed in bubble chambers. Here we are grateful to our colleagues from the
experiments with the 15 ft FNAL chamber with neon filling, with the CERN BEBC chamber, also
filled with neon, and \ﬁth BEBC, filled with deuterium, who very kindly supplied us with unpublished
compilations of their fragmentation data®. These data are of course immensely valuable for this calcu-
lation, buf suffer also from clear limitations, chiefly the spa.rséness of data at high energies, some disa-
greements between the data in details, and the lack of K * and K~ identification. To cope with the
latter we made use of fragmentation calculations based on the Lund model®. We proceeded as follows.
Use was made of the fact that the distribution in the variable z, the fraction of the shower energy car-
ried by the individual hadron, is rather insensitive to shower energy in the range of interest here, except
at very low z where the contribution is small because of the cut in minimum muon momentum. The
shape of the pion z distributions was obtained by a fit to all bubble chamber data available to us, of

the form A e BZ, z > 2, and C e~ D2 2 < z, separately for leading and non —leading pions. The

2 We wish 1o express our thanks to Prof. C. Baltay, Dr. A.M. Cooper, Dr. B. Nellen and Dr. R. Wigmans for their kind col-
laboration. .

3 We wish to express our thanks for the collaboration of Drs. D. Bertrand and R. Wigmans who performed these calculations
for cur conditiens.



ratio of kaons to pions was also obtained from ?he bubble chamber data, using K® data, and assuming
NK* 4+ NKT = NK® 4+ Nﬁi. The z dependences for the charged kaons were obtained by fitting
exponentials to the Lund model calculations. An overall normalization was imposed to require pions
and kaons to account for 95% of the shower energy, assuming N7’ = 1;’.’Z(N"rr+ + N7) and
NK? 4+ N-K_U = NK* + NK”. The z distributions which were finally used are given in Table 4. But
many variations, based on other fits and also on unfitted data, were tried as well. On the basis lof these
variations, we believe that the uncertainties in the #/K decay subtraction are not more than 15%, and
this error has been applied throughout.

A second, substantially smaller, background contribution to like —sign dimuon events is due to
trimuon events. Trimuons in neutrino interactions have been observed by sevéral experiments after the
first observation in 1977 [17, 18]. The observed rate is only ~ 3x10~ 7% of ordinary charged —current
events.

* Trmuons have been quantitatively understood [18] in terms of the electromagnetic radiation of a
muon pair either by the primary muon or by the hadronic shower. In the like —sign dimuon sample,
triruons are contained if the p* (for neutrino) or the p~ (for anti —neutrino) has an energy less than
the 6 GeV required in our event selection, while the other two have energies above the respective mo-
mentum cuts (6, 9 or 15 GeV). To estimate that background, we have used calculations due to
1. Smith and G. Valenzuela* [19] which give a good description of our old trimuon data [18]. The
overall amount of this background is about 8% of the raw dimuon sample.

In order to understand the overlay background, a large number of overlay events were generated
by combining into one event two successive normal, independent charged — current events. The two
superposed events were of course in time with their respective trigger. The effect of the time delay in
the second of the two events falsifies the energy measurement and produces an inefficiency in the scin-
tillator signals if the delay exceeds 100—200 ns. This time delay also invalidates the drift time meas-

urement in such a way that the reconstruction efficiency for delayed muons is largely reduced. These

4 We thank Prof. I. Smith and Dr. G. Valenzuela for providing us with calculations which take proper account of the reutrino
spectra and data selection cuts of this experiment.



effects were measured and then the second event in the artificially created overlays was modified ac-
cordingly.

The final quantitative understanding of the overlay background is based on a study of the distri-
bution in Ar, the distance between the two —muon tracks as projected back to the vertex plane, for
“true” events and artificial overlays (Fig. 4). The true events have a peak at small Ar due to genuine
dimuon events and a tail at large Ar due to overlays. The artificial overlay events reproduce lthis tail
exactly, but go to zero at small r. The event selection cut was Ar < 20 cm. The two curves were
normalized for r > 40 cmn. The rates and kinematic distributions of the so normalized artificial over-
lays for Ar < 20 cm were used in the determination of this background. It is in general quite small,
but in the region of large P, and Jarge transverse muon momentum, Pry it becomes quite important,
since such events, though rare, could be of great interest. The systematic uncertainty in this subtrac-
tion is estimated at 30% and included in the evaluation of the prompt signal uncertainty.

The importance of the background subtractions can be seen in Fig. 5. They are very severe at low
neutrino energy where the neutrino flux is high and where most events are found, and relatively lower,
but still appreciable, at higher neutrino energy. The severity of the background also decreases with in-
creasing muon momentum cut —off, so that in our data the most convincing positive results for the
existence of like — sign dimuons are found for P, > 9 GeV, They are, for neutrinos, with P, > 9 GeV

and 100 < E . < 300 GeV:

. + 0. -4
® charged —current = p— (1.16 £ 0.42) x 10

and

@ like —sign p—p—

o 000, — sig 32+ 1. -2
2 opp.—sign p—p+ (321 12)x10°%,



2.8 standard deviations above zero, and for antineutrinos, with p’j > 9GeV and

100 < E .. < 300 GeV :

O like —sign ptp+

= (1.7+£07x10°*
9 charged —current g+

and
7 like —sign ptp+

—_—— = = (5.1%23)x10"2,
 opp. —sign ptp—

2.4 standard deviations from zero.

The complete prompt results for the three muon momentum cuts and the three energy bins are
given in Table 5. The dependence on the visible energy is shown in Fig. 6 for
ke — sign’!c’ charged — current and in Fig. 7 for alike-sign/oopp ~ sign’ The dependence on the mini-
mum muon momentum is shown in Fig. 8.

To illustrate some properties of the prompt like —sign dimuon data we show in Figs. 9 to 13 dis-
tributions of varous physics quantities for neutrino events of the WBB exposure. The definition of
the "second muon” was done by selection of the smaller transverse momentum with respect to the
shower direction.

From the measured muon ene;gies, E: and Ez, and the hadron shower energy EH we calculate
the visible energy E = E, + E; + Ey of the event and the scaling wvariable

Yyis = (Byy + E2)/Ey. Using the measured angle &, of the leading muon relative to the neutrino

direction, we obtain x .. = 2E\E_ sin2{6,/2)/[(E2 + EH)Mp]‘
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4. DISCUSSION OF RESULTS

The results presented in the previous section are in agreement with our published results [2,4], but
more significant. They indicate a prompt like — sign signal both in neutrino and antineutrine reactions
at a level of two to three standard deviations. The neutrino energy dependence is similar to that for
opposite — sign dimuons [20]. Since the opposite —sign energy dependence is due to a threshold effect,
namely the production of a charmed quark, a similar basis for the like —sign dimuon signal energy de-
pendence is indicated. Other kinematic properties (see Figs. 9 to 13) make it quite clear that the extra
muon is associated with the hadronic shower, and is therefore the decay product of a hadron which
cannot have a mass appreciably larger than that of charm, because the observed transverse momenta
with respect to the shower are srha]l. This excludes a separation of /K background and the prompt
signal using kinemnatic properties. Events at large transverse momenta are consistent with being back-
ground, mostly overlays of two charged — current events. We observe seven events with PTy > 2 GeV
where we expect six from the background (including four overlay events).

In the absence of another particle in this mass range, we believe that the orngin of these cvents can
only be the production and decay of charm. This charm production is of course totally different from
the production of charm via the flavour changing cumrent, which results only in opposite —sign di-
muons and in this case is well understood, Like—sign dimuons require, in the standard model, the
production of a charm —anticharm pair in the final —state hadronic system. This production has been
estimated on the basis of conventional first — order QCD models [21]. We have used the very detailed
work of Hagiwara [10] for the QCD cross —section. This model has uncertainties of up to a factor of
3 due to the strong dependence on the quark mass and due to possible intermediate production of the
J/¥. This calculation, however, integrates over the entire muon spectrum, and we have estimated the
effect on these calculations of our cuts on muon momentum, using a program of G. Ingelman®, which
simulates the fragmentation and decay of the charmed quark. The theoretical QCD curves shown in

Figs. 6 and 8 are the results of this work. It can be seen that theory and experiment are still far apart,

* We wish 1o exi:aress our thanks to Dr. G. Ingelman for making these avatlable to us.
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the theoretical expectations are lower than our results by the factor of ~ 30.

Non — perturbative effects could, in principle, be responsible for a strong enhancement [11]. But
this would be in contrast to the much better agreement of perturbative QCD of charm preduction in
muon nucleon scattering [13]. We are not competent to resolve this difficulty. . However, we want to
emphasize that all other characteristics of our prompt like —sign dimuon data can be understood in

terms of charm — anticharm production.

5. COMPARISION WITH OTHER EXPERIMENTS

In Fig. 14 we have plotted the ratio of neutrino —induced like ~sign events to charged — current
events as a function of the visible energy, together with the resuits of other counter experiments. The
fact that our results were lower than that of the CHARM experiment [7] is still true even at higher
energies. But also with respect to the HPWF result for E;s > 100 GeV we observe less prompt
events. In order to make a comparison between the results from these different experiments more
meaningful, we belicve some comments on the HPWF experiment [5] and the CHARM experiment
[7] are useful. The disagreements are probably to be ascribed largely to differences in the background
subtraction. If the background is underestimated, not only is the signal increased, but in the same
measure the apparent statistical significance of the signal is also increased. The dominant background
is that due to pion and kaon decay. This background is proportional to tllxe hadron absorption mean
free path in the material of the detector. In the CDHS experiment this was 29 cm, in the CCFRR
experiment about the same, in the HPWF experiment it was 64 cm for the weighted average of the
three detector pieces of different density, and for the CHARM experiment about 80 cm. To the extent
to which the raw signal is dominated by /K decay background, the CHARM and HPWF experi-
ments with lower density have a correspondingly higher background. If in the publication of the 1979

results [2] the CDHS Collaboration was correct in evaluating this background at a level of 71% of the
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raw signal, the corresponding figures for HPWF and CHARM would be 89% and 91%, respectively!
The subtractions which were performed in these experiments were however much smaller, and this is
the origin of the differences in the reported prompt like — sign rates.

In the CHARM experiment the background subtraction was performed differently. In that exper-
iment the background is subtracted on the basis of the differences between prompt and #/K back-
ground events, in the separation between the two muons as projected back to the vertex plane ;thxough
the hadron shower from the measurements of the tracks further on. H the second muon is due to the
decay of a primary pion or kaon, the distribution in this separation does not differ markedly from that
of the prompt dimuons, since the effect of the decay angle is obscured by the multiple scattering and
measurement errors in the back projection. However, the muons due to the decay of secondary ha-
drons exhibit a tail at large separations. In the method employed for the evaluation of this back-
ground, the primary background was grossly underestimated because the relative attenuation of prima-
1y to secondary hadrons, before leaving the obscuration of the hadron shower, was ignored. According
to our estimate, the error is sufficient to create the reported signal in the absence of any real signal. A
less serious source of error in this method is that the sign of the electric charge is not measured, but
the like —sign background depends very much on the charges of the more energetic hadrons (leading
particle effect). Yet another puzzling feature of the publication [7] is the discrepancy in the errors be-
tween the two presentations of the like—sign signal. In the text the signal is given as
N 2 YN(E~"ut)e = 0.14 + 0.05 or 2.8 standard deviations, whereas in their Fig. 4 the signal is di-
vided into two bins of E_. .. The errors shown (and reproduced in Fig. 1 of this paper) correspond to 3
and 5.5 standard deviations for the E_. bins 20— 100 and 100- 200 GeV, respectively . It is our un-
derstanding that the large and significant rate of the CHARM experiment is due to the underestimation
of #/K. decay background.

According to our data and analysis — see Fig. 5 — the signal —to —noise ratio improves with
neutrino energy and muon momentum. In this case, the experiments at the higher energies now avail-

able at FNAL may be in a good position to remove the remaining doubts about the existence of

prompt like — sign dimuons.
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Tab

le

1

Calculated geometrical acceptances

vis 'single—muon opp.-sign | like-sign
u upt W (V) , utut (V)
30 - 100 .97 .57 .86
P > 6 100 - 200 .98 .71 .92
H 200 - 300 .98 .80 L9
30 - 100 .99 .75 .98
p > 9 100 - 200 .99 .83 .98
" 200 - 300 1.0 .89 .99
30 - 100 1.0 .90 1.0
p >15 100 - 200 1.0 .93 1.0
M 200 - 300 1.0 .96 1.0

15,
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Table 2

Observed charged-current, opposite-sign dimuon and like-sign

dimuon event numbers.,

a) v NBB
. . i, .
Evis single-muon Dpp.—jlgn like~sign
GeV u uou nou
30 - 100 11,171 12 1
p. > 6 GeV | 100 - 200 17,758 54 7
H 200 - 300 14,755 62 9
30 - 100 10,751 12 0
P > 9 Gev | 100 - 200 17,468 50 5
H 200 - 300 14,632 60 7
30 - 100 9,611 1 0
p_ >15 GeV | 100 - 200 16,888 34 0
H 200 - 300 14,386 51 2
b) v WBB
vis single-muon | opp.-sign like -sign
GeV U "t uu”
30 -~ 100 1,261,248 1408 171
p. > 6 GeV | 100 - 200 360,768 1207 158
H 200 - 300 28,608 121 21
30 - 100 1,186,624 979 85
p. > 9 Gev | 100 - 200 352,960 1042 93
! 200 - 300 28,544 | 109 13
30 - 100 | 1,025,856 340 22
p_>15 GeV | 100 - 200 338,304 693 36
H 200 - 300 27,840 83 7




c)

v WBB
vis single-muon |Opp.-sign like-sign
GeV p* utu utut
, 30 - 100 598,656 530 48
p > 6 GeV 100 - 200 66,880 232 24
M 200 - 300 1,728 10 1
30 - 100 582, 144 357 15
p > 9 GeV 100 - 200 65,920 202 15
H 200 - 300 1,728 9 1
30 - 100 536,960 123 1
p >15 GeV 100 — 200 64,832 123
H 200 ~ 300 1,728 8 0

17.
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Table

3

Reconstruction efficiency

=
.. Process . . .
p. > Like-sign OpP.-31gn Charged-Currents
u dimuons dimuons
6 GeV .80 + .04 .89 £ .02 .98 * 0.01
9 GeV .83 + ,07 .90 + .04 <99 + 0.01
15 GeVv .85 = .07 .92 + ,04 .99 £ 0,01




19.

Table 4

Distributions in z used in the pion and kaon decay background calculations.

-dN AePZ s
The distributions have been fitted to the form —-— = © z Zo
dz =Dz
Ce zZ <z
The final column gives the normalization.
1
dN
A B C D Zg IZE—Z; dz
0
For primary shower
Leading 13.7 6.6 | 35. 17.1 iy .326
pion _
Non leading |, ¢ 7.9 25.3 16.2 . .184
pion
Kt 1.18 4.6 - - - .053
Kk .96 5.6 - - - .030
For secomndary shower
Secondary 21.3 6.5 = - - .501
pions
Secondary 7.5 4.0 - - - .042
kaons
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Table 5

Background corrected dimuon signals on ratios of prompt like-sign

to charged-current and opposite-sign dimuon events.

a) (NBB and WBB coﬁbined)
. Prompt event numbers
V1s —_— - ’ — -
GeV Vet Vi umut M E x 10~" {%;é;x 10~
30 - 100124, + 26 1238 £ 41 .26+ ,28 1 + 1.4
P. > 6] 100 200 1 46,5 £ 22 1131 + 37 1.6 £ .74 3 1.6
200 300 13 + 6.1 166 £ 14 3.8 £ 2.0 7 £ 3,4
30 100 { 20,5 + «5 898 % 34 20 £ .13 + 1.2
p > 9|100 200 33 + 13.5] 1020 * 14 1.05 £ 43 + 1.2
200 300 7 x4, 158 £ 13 2.1 £ 1.5 + 3.0
30 100 7 £ 5.2 317 £ 20 .08 + .06 + 1.6
>15 | 100 200 16 £ 6,7 703 * 28 .52 £ 22 +* 1.0.
t 200 300 4,5+ 3 131 £ 12 1.3 £ .9 T 2.4
b) v
vis Prompt eventlnumbers i_f,x - + . 102
CeV 'il+]-1+ ’ 11+1-1-. -
30 -~ 100 13 £ 9 483 *+ 24 .32 £ 22 1.9 £ 1.35
P > 6 (100 - 2001 11.7 £ 5.3 218 = 15 2.2 £ 1.0 4.5 £ 2.0
H 200 - 300} .6 + 1 9.5 = 3.2 | 4.5+ 7.5| 5.7 + ¢
30 - 100 3+ 4.4 336 + 20 06 £ .09 T F 1.1
p > 9 1100 - 200 9.6 + 3.9 195 + 15 1.7 = .7 4.0 1.8
H 200 - 300 .8 % 1 8 £ 3 5.5 + 7 10 + 15
30 - 100 | -1.1 £ 1.8 108 + 11 -.02 £ ,04 t.1 + 1.8
p *>15 {100 - 200 4,5 £ 2.5 110 £ 11 .3 * .45 4.1 £ 2.3
" 200 - 300 - 8 + 3 - -




21.

FIGURES

Fig. 1 — Previous results from counter experiments on the ratio of the prompt like —sign dimuon
and the charged — current cross — sections.

Fig. 2 -~ Observed charged —current rates as a function of the measured energy for the three
beams.

Fig. 3 — Typical like —sign dimuon event. This event was observed in the WBB exposure.-

Fig. 4 — Distributions in Ar, the separation of the two reconstructed muons in the vertex plane, for

raw like —sign dimuon events and “overlay” events. The two curves are normalized in the
region Ar > 40 cm. The event acceptance criterion is Ar < 20 cm.

Fig. 5 — Histogram to show the different background subtractions for neutrino and antineutrino
like —sign dimuon events in the three bins of E_;; and for the three minimum muon mo-
mentum cuts.

Fig. 6 — Ratio of like—sign to charged —current cross—sections in three E_._energy bins. The
curve is the prediction of perturbative QCD charm — anticharm production [10].

Fig. 7 — Ratio of like —sign to opposite sign cross — sections in three E,;s encrgy bins.

Fig. 8 — Ratio of like—sign to charged —current cross —sections as function of minimum muon

momentum. The dashed line is for perturbative QCD of charm —anticharm production
[10] {scaled by a factor of 10).

Fig. 9 — Momentum distribution of the second muon in ¥N + p—p—X.
Fig. 10 — Distribution of transverse momentum of the second muon in N - p—p~X.
Fig. 11 — Distdbution in A®, the angle between the two muons in the plane normal to the neutrino

direction, for vyN = p—p—X.
Fig. 12 — Distribution in the scaling variable Yois = (B + E2)/E myN -+ p—p—X,
. _ g e . . - a2
Fig. 13 Distribution in the scaling variable Xis 2 Eles sin?(61/2)/((E2 + EH)MP).

Fig. 14 — Ratio of like—sign to charged —current cross-sections in neutrino interactions as a
function of visible energy. :



Likesign / charged current relative rate

10-3

—
<
:'b

102

! |
O CBHS '79 Pu> 6.5
- B (CFRR (as revised '85)P,> 9 -
A HPWF '81 P> 10 .//
x (HARM 81 Pp> A /;
_ X I :
- £ g il
e 3
] —L |
| !
0 100 200 300
Evis(GeV)

Fig. 1



events / GeV

103

Ill[

300 GeV NBB

lllll

i




Ly =2k

[oHd-X

X

X

LOHd—A

X

£ogd-0

‘p2iREB 31v0 00V

‘00" ¥S 9%

b L 1.: ._.:

Ge/60/L2 O ES

=XV ¢’

=NIK

EL

Figz. 3



" Events/5cm

901

80

70

60

50

40

30

20

10

+ Data

T, Overlays

‘_> Clear overlay

Radial distance at vertex [ Ar (m)]

Fig. &4




Number of events

un
[ =]

— 00l

30 < Eyp < 100 GeV

100 < Eyg < 200 GeV \\\

200 <€, < 300 GeV

30 « B < 100 GeV

* o
100 < Ec < 200 GeV v =
200 < By
30 < E,ig < 100 GeV .
100 < E,; < 200 GeV v
(¥,
200 < E4g < 300 GeV
\
:\ 30 < Ey < 100 GeV
100 < E, < 200 GeV =
200 < Ey < 300 GeV >
30 < E4 < 100 GeV o
o
100 < Egg < 200 GeV i <l
~0
200 < E, < 300 GeV
30 < Eyg < 100 GeV -
100 < E,g < 200 GeV v
(¥ ]

200 < Eg4 < 300 GeV

=)
=
(=
3

9
-
“,

(Y=}
=2
o

punoubypeq vonuwiyy P77
NN

punoJbypeq Aexap H pue i l:]
punoJbyieq Aejsano



[=J
T 1 1 T ™ T Fr 1 1 T T o
m
>
[+ 1]
(b )
> o
A
=2
. +
ENEN 2
+d. o~
NGO o W
L]
—A O
-—
<
o
m
':L
1
[ = (=]
= o —18
o
<
-1 =
>
-V
()
O~
> . T
a
a
| I | 1 1:1111| 1 1 l:l11|1| 1
1 “
(-] <
-— -~

juasana pabaeys , ubisay

Fig. 6

Eyis (GeV)



00¢

(A29)™3

002 00 002 00l 0
i i | _
Jd —
[ L |
— —1— —{200
L |I..ﬁv11 —
_ | 400
— g
- oy ]
Y
u —90°0
|
A%D 6 < "d A3D6 < d
i A . |
| | 80°0

ubis ajisoddo ,/ ubisay

t0
frq



—___—_

gn

100 < E,;s < 300GeV T
"

4

|
(=]
-—

juadany pabaeys , ubisayy

10-3

15

10
an (GEV)

Fig.



Events/3 GeV

30

20

10

15

100 <E,; <300GeV

30 L5

Pp> 9

2 signal
ov_erléys
trimuons
) /K decay

60 75

P (GeV)



Aedap M, /u []
suonwidy 24

skepsre N
1eubis

6<"d
A2 00€ > 73> 001
Jamoys g

0l

0l

113

0%

05

A3D G 0/S4U3AJ

10

Fiz.



Fig. 11

Fig.

Events/30°

12

50

L0

30

20

10

Events/0.1

Ad

100 < Ey;g <300 GeV

Pp>9

_ signal
overlays
trimuons
[ ] n/K decay

GOTTIINY -5
\} SN o

T
IS TSIV
NI &

TIIIIIILL, 2

20

10

90°

v Yvis
100 <E,;s < 300
P> 9

overlays

el

frimuons
[ ] n/Kdecay

s
o

0.5

1.0

180°



Events / 0.1

30

20

10

’//<

Xvis
100 <E,ig< 300GeV
Pp> 9

B signal
overlays
trimuons

] n/K decay |

L T
L
77
0.5 1.0



Likesign / charged current relative rate

o CDHS '79 Pu> 6.5 i

mC(CFRR . Pp>9
| (as revised '85) 10 __
‘& HPWF 81 Pu> L

x CHARM ‘81 Pu> [

® This experiment Pyu” 9

.
<
w

IIII‘
%
,
\4@
IllLl

—
<
=

IIIII

-5 I 1
10 0 100 200 300
E.. (GeV)

VIS

Fig. 14



