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ABSTRACT

In a study of interactions of 400 GeV protons in a totally absorbing
iron calorimeter, we have observed u+u— pairs associated with a signifi-
cant amount of missing energy indicative of final state neutrinos. This
missing energy is not due to any instrumental effects, nor to any trivial
sources like double KK (or mm) decay. Interpreting these data as pro-—
duction of a ﬁﬁlpair followed by a double muonic decay leads to a model

dependent estimate of a total production cross section of the order of

6~17 ub.
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In an earlier communication,’ we have presented evidence for the
production of prompt single muons in high energy proton~iron interactions.
A natural explanation of this phenomenon is the production and subsequent
semileptonic decay of a short-lived heavy hadron, the most likely candi-
date being a charmed particle (e.g., p + Fe = D + D+ +++). That same
mechanism would also produce events (at a lower rate) with semileptonic
decay of both hadrons containing a pair of charged muons and missing
energy resulting from the undetected companion neutrinos. In this letter,
we present evidence for the observation of such a missing energy in asso-
ciation with hadronically produced u+u_ pairs, and relate it to the rate
for éur observed single muon signal%)

The experimental apparatus has been described in previous publica-
tionsl’2’32 Here, we summarize only the salient features. A diffracted
400 GeV proton beam was directed at a sampling iron-scintillator calori-
meter that served simultaneously as target and a "live beam dump." The
calorimetric information yielded the total hadronic and electromagnetic
energy assocliated with each interaction. The calorimeter, studied exten-
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sively with an unbiased sample of proton interactionsg’ gave a linear
response over an energy range of 30 fo 450 GeV, with the resolution (at
the beam intensity used for this experiment) of ¢/E = 0.70/E% where o
and E are both expressed in GeV. Furthermore, at the level of 1 part in
104, in the unbiased proton interactions, there was no low energy tail
(i.e., missing energy) beyond what one expects from a normal Gaussian
distribution. There was some high energy tail which was rate dependent

2)

and due to pileup <



The trigger for the 2u data reported here selected hadronic inter-
actions that had a final state u+ with P; 2 0.75 GeV/c, although the
"fuzziness" of the trigger allowed a significant rate of events with
P; < 0.75 GeV/c. The cuts imposed on the hadronic shower and on the
quality of the incident proton track were identical to those in reference
2. Thus, a direct comparison of the calorimetry results with those quoted
in referehce 2 can be performed if the energy of the final state muons is
added to the hadronic energy from the calorimeter. To minimize any pos-
sible mismeasqrements of the muon momenta, we have imposed additional
cuts on the muon tracks, requiring the muons to strike the first toroid
outside of the central hole, have a minimum of 6 sparks in the toroids
and a reasonably good x2 for the fit of their trajectories.

The total data sample that passed all the cuts consisted of 29,895

+ - + e
v p and 290 "y events. For each event, we have calculated the missing

energy defined by:

Eiss - Ppeam Ep+ - Eu“ = Bpaa 1.3 B oss
where Ebeam is the nominal beam energy (400 GeV), Eni the energy of the
u¥ at the interaction point, Ehad

energy measured in the calorimeter and E the energy loss of the 2u's
loss

the total hadronic and electromagnetic

via jionization mechanism in the calorimeter. This last term (v 10 GeV)
corrects for double counting of this energy and the factor of 1.3 allows
for the well known inefficiency of the hadronic calorimetry?) The average
missing energy calculated in this manner agreed with zero at a level of
1 GeV.

Because of the moderately high PT trigger bias, the contribution due
to the low mass continuum and the p, w, and ¢ mesons has been strongly
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suppressed in the accepted 2y sample. The accepted data contain mainly
events from the higher mass continuum and the Yy decay (which should have
no missing energy) and some possible DD events with double muonic events
that should be associated with missing energy. The total measured energy
distribution of the accepted u+u_ events (Fig. 1) shows good agreement
with the sample of unbiased proton interactions in the higher energy
half6) of the distribution but a significant difference below 36Q GeV.
Table I illustrates this difference in a quantitative way by comparing
the fraction of observed events with either a large missing energy (Eml

iss

> 45 GeV) or a large excess energy (Em < =45 GeV) for 3 different

iss

data samples.

TABLE I

Fraction of events with |E . | > 45 GeV (%)
miss :

. < =45 GeV E . > 45 GeV
miss miss
Events with no u (2) 0.19 * 0.01 0.054 % 0.006
2.6<Mpu<3.7 GeV (3) 0.16 * 0.06 0.23 + 0.07
A1l phum 0.26 + 0.03 0.76 + 0.05

The fraction of events with excess energy is essentially independent
of the type of event and can be explained as a Gaussian tail with some
possible pileup, but the fraction of missing energy events is signifi-
cantly higher in the 2u sample. As might be expected, this effect is
smaller in the 2.6-3.7 GeV region, which is strongly dominated by ¥ pro-
duction that is unaccompanied by any missing energy. We discuss next the
possible known mechanisms that could generate the observed 227 dimuon

events with missing energy (ME) above 45 GeV (E < 355 GeV):

TOT
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a) T+T— production followed by muonic decay of both heavy leptoms
is estimated from the total u+u_ rate at high mass to be less than 1
event.

b) Non-prompt decay of 2 mesons (n's or K's) produced in the hadron
cascade. We empirically set an upper limit of 25% on the fraction of
accepted large ME events due to this process from studies of their rate
as a function of calorimeter density. However, a much more striqgent
limit on the possible contribution due to this source is provided by the
5 observed like sign dimuon events with ME > 45 GeV. This number should
be a direct measure of the decay background except for the contribution
due to production and decay of a single K*Kf pair. That contribution has
been calculated from the known particle production spectra to yield an
additional 6 events based on a rather pessimistic assumption that every
primary proton interaction has exactly omne K+Kf pair. We conclude that
no more than 5% of the observed large ME events come from double 7 or K
decays.

c) Catastrophic muon energy loss in the iron toroidal spectrometer.,
Approximately 1/3 of such events would have been detected by the instru-
mentation in the first of the six mégnets which had acrylic counters after
each 20 cm of steel. Comparison of the pulse height in those counters
for the large ME events and no ME events (defined here as IME[ < 30 GeV)
shows no detectable difference, allowing us to set a limit of 10 events
as a possible contribution from that source.

We conclude that the above mechanisms are unlikely to contribute
more than 10%Z of the observed signal. Accordingly, we turn our attention

to the most likely explanation, i.e., production and muonic decay of a
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pair of charm particles.

To estimate the total charm cross section and to compare 2u results
with the ones obtained from the 1lu analysis}) we have assumed that the
cross section varies linearly with A and the muonic branching ratio
equals 8% and is saturated by the Kuv and K*uv decay modesz) We have
tried the two DD production models which gave good fits to the data
discussed in the 1p paper:

1) a correlated production model described by

E é32-= L mofr (1 - x)B e“YM/'/g
dp3 M3
where all the kinematical quantities correspond to the composite DD
system that is assumed to decay isotropically, and

2) an uncorrelated DD production where each D (D) is produced

independently according to

B a3g
dp3

= e_aPT(l - X)B

With Monte Carlo technique we have calculated the fraction of DD
double muonic decays which satisfy our trigger requirement, give 2 u's
that pass the muon cuts, and yield ME > 45 GeV. Representative results
are shown in Table II, where for comparison we have also included the
corresponding acceptance (and cross section) from the lu analysis. To
extract the cross section from the 2y data, we have corrected for small
reconstruction inefficiency and subtracted the Gaussian tail (7% from

Table I) and contributions from the background processes (10%).



TABLE II1

Monte Carlo calculation of acceptance for different models

luy data 2u data

*
Model «a B Y K/K  Acceptance (%) o(pb) Acceptance (%) o(ub)

I 1.3 6.0 20.0 1.5 4.6 21.0 0.27 12.3
I 1.3 2.0 20.0 1.5 4.6 20.9 0.47 6.9
I 2.7 6.0 20.0 1.5 3.1 31.1 0.20 16.9
I 1.3 6.0 30.0 1.5 4.1 23.9 0.24 - 13.9
I 2.2 3.0 14.9 1.5 4.1 23.8 0.39 8.4
I 2.2 3.0 14.9 0.67 3.5 28.0 0.31 10.6
II 2.5 3.0 -~ 1.5 2.8 35,2 0.22 14.7
II 2.5 5.0 - 1.5 2.4 40.8 0.14 23.8

From these calcuiations and the comparison of the data with the
predicted Monte Carlo distributions, we draw the following conclusions:
a) Both models give lower cross sections for the 2y data, but the in-
herent limitations of the experiment (particularly the large back-
ground subtractions in the lu analysis) preclude a definitive state-
ment as to the existence of significant discrepancy.

b) The uncorrelated DD model gives a poor fit to the M211 and Pu distri-
butions in the 2u data.

¢) The set of parameters (o = 1.3, B =6, vy = 20.0 and K/K* = 1.5) for
Model I appears to be compatible with both sets of the data (see Fig.
2 for comparison with 2u distributions) and gives reasonably similar
cross section estimates. That model predicts that 6.6% of our accepted
p+u— events originate from DD production,

d) Within the framework of Model I, adequate agreement with the 2u data

can be obtained with 0.7 < o < 2.6, 3 < B8 < 8, and.10 < y < 30. .This
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range of parameters gives a total cross section estimate from 6 to
17 mb.

Since the total charm production is un&oubtedly more complicated
than either of the simple models used above, the numbers quoted should
be interpreted as giving only a rough estimate of the gize of the total
cross section. Furthermore, a significant production rate of charmed
baryons ér unequal Di, p° branching ratios could generate different
cross section estimates for the lu and 2y data. Except for this proviso,
.our data appears difficult to reconcile with the results of Drijard et
alg) but seems quite consistent with other positive charm searches?)

Finally, in Fig. 3, we exhibit the ratio of large ME events to all

+ - . ut uo - .
of the observed u u plotted as a function of P and P., . This ratio

T T

is insensitive to variation in detection efficiency as a function of PT’
and the peaking of both of these distributions in the 0.8 - 1.0 GeV/c
region, as expected from the charm production hypothesis, provides
additional support to our explanation for the observed events.

In summary, we have observed a significant signal of u+ﬁ_ events
with missing energy in excess of 45 GeV. The most likely explanation of
these results is the production and subsequent muonic decay of D mesons,
which appears compatible with the data and yields a production cross
section that is consistent within errors with the value previously
extracted from our single prompt muon signal.

We would like to acknowledge the invaluable contributions of the
Stanford and Caltech technical staffs in the design and construction of
this apparatus as well as the continuing help of the personnel from the
Fermilab Neutrino Lab. One of us (M.F.) would like to thank Max-Kade

Foundation for support.
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Fig. 1
Fig. 2
Fig. 3

FIGURE CAPTIONS

Total energy distribution for the accepted u+u_ events. The
dashed line is a smooth curve corresponding to the observed total
energy distribution for an unbiased sample of proton interactions
taken simultaneously with the 2u data.

Comparison of data (solid line) and Monte Carlo predictions
(dashed line) for P;(a), P;(b), P+(c), P (d), missing energy(e),
Mpp(f).

Ratio of number of u+u_ events with large missing energy to all

- + -
of the observed u+u events as a function of PT(a) and PT(b).
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