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The neutrino beam dump experiment E-613 performed at Fermilab is described and
its results discussed.

PACS numbers: 14.60.Gh

1. Introduction

Direct detection of charm particles in hadronic collisions has been shown to be difficult.
The charm cross section is a small fraction of the total and the lifetimes of charm particles
are in the range of 10-12-10-13 s therefore the typical distances which these particles travel
before decaying are short (about 1 mm).

There are three distinctly different experimental methods which are used to detect
charm particles. In the first invariant mass distributions are reconstructed from detected
particles and are identified for known decays of charm particles. This method is limited
by a smal) production charm cross section and a large number of combinatorial invariant
masses which constitute backgrounds. However, in this type of experiment at CERN-
-ISR D* (cd, dc) D° (cu, uc) and A, (ucd) were observed in collision at /s = 62 GeV.
In the second method to observe charm bubble chambers and emulsions are used where
production and decay vertices can be identified and invariant masses megsured. This is an
accurate method but again limited by statistics and backgrounds. A third method is to
observe muons or neutrinos from the decays of charm particles produced in high energy
hadronic collisions. In this so-called beam dump experiment, protons or pions are incident
on a target where charm and other known types of particles are produced. Hadrons then
are absorbed in the shielding around the productions target because of their long lifetimes.
The lifetime difference between the particles with and without charm provides the discrimi-
nation between semileptonic decays of charm as compared to these decays of particles

* Presented at the XXIV Cracow School of Theoretical Physics, Zakopane, June 6-19, 1984.
** Address: High Energy Physics Lab., Ohio State University, 174 W 18-th Av., Columbus OH 43210,
USA.
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containing only u d or s quarks. The fraction of long lived particles which decay is propor-
tional to the effective target length in which they were produced. Therefore a measurement
of the number of leptons produced in targets with the same 4 and Z but different densities
can be used to obtain the prompt leptonic component by extrapolating these measurements
to the infinite target density. The prompt signal can also be obtained by subtracting from
the observed lepton flux, calculated number of leptons from the decays of all known parti-
cles which are produced in the beam dump. This calculation is model dependent.

TABLE I
Summary of charm cross section results
| o
T Grou Vs Model o (4"%)
ype i (GeV) ub/nucleon
|
v BEBC {1} 28 pCu (1-—x)* 17+4
v CHARM [2] 28 pCu a-xy 18+6
v CDHS [3] 28 pCu (1—-x)* 14+4
B CCFRS (4] 26.5 pFe indep. 2219
hybrid B.C. LEBC [5] 26.8 piP (-x?® 11+5
bump hunt LSM {6} 62 pp flat x 1.2+0.5mb
(1—x)* 24+1.0
bump hunt CBF (7] 62 pp flat x 1.1 mb
, a—xp? 42
bump hunt ACCDHW [8] | 62 pp flat x { ~1mb
bump hunt LAS {9} | 62 pp flat x | ~ I mb
TABLE I
Summary of ve/v, and vy/v, results
Type Group Prav /vy Ve/Vy
(GeV)
1977 l
v BEBC {1} 400 pCu
v CDHS {3]) 400 pCu existence of prompt flux
v Gargemelle {10} 400 pCu
1979
v BEBC [1] 400 pCu 0.79+0.62 | 0.59+0.53
v CHARM (2]} 400 pCu 1.3 £0.6 0.48+0.16
v CDHS (3] 400 pCu 0.46+0.21 0.64+0.22
® CCFRS [4] 350 pFe 1.3 £0.3 —_—
1982
v BEBC 400 pCu 1.224+0.73 1.35+0.69
v CHARM 400 pCu 0.844-0.18 0.57+0.11+0.07
v CDHS 400 pCu 0.8010.20 0.83+0.13+0.12
i CCFRS 350 pFe 1.1 £0.2 —
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Beam dump experiments were pursued at CERN and Fermilab. At CERN the neutrino
beam dump experiment was.performed in three different detectors. Two of these were
electronic detectors and the third one was a bubble chamber. The detectors were located
800-900 m away from the beam dump and detected neutrinos were in a small solid angle.
The results from these detectors are summarized in Tables I and II. The ratios of observed
neutrino fluxes v,/v, and v./v, were different from unity in some of the detectors (see
Table II) which in the case of v,/v, may imply a significant contribution from decays of
A, and D’s but the ratio of v./v, different from unity would point to the violation of p-e
universality or would require a large production of F particles.

Model dependent calculations of the observed charm production have not shown
uniform agreement with the data over the observed energy range [11-23].

The somewhat surprising results from CERN experiments motivated neutrino beam
dump experiment E-613 at Fermilab which was performed in the M-2 beam line in the
meson area (Fig. 1). In this experiment we have measured the prompt production of
Vi Q“ and the v,, v, neutrinos in tungsten, copper and beryllium targets. We determined
from these data the total and differential production cross sections for DD production and
its 4 dependence. We also verified the p-e universality in charm decays and finally set
some limits on the mass and decays of supersymmetric particles.

The detector in this experiment subtended a large solid angle from 0-37 mr which
allowed for simultaneous detection of neutrinos in this angular region. A particular care
was taken to monitor the incident proton beam and prevent it from scraping i.e. creating
prompt neutrino sources outside of the beam dump. A short distance of 56 m between
the beam dump target and the neutrino detector and the use of active and passive shielding
around the dump maximized the prompt neutrino flux relative to the non prompt one.
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The sketch of the experimental set-up is shown in Fig. 2. A 400 GeV/c proton beam
was transported to a target holder capabie of placing targets in the beam made of different
density tungsten, copper and beryllium. Target station was followed by a charged particle
shield consisting of 20 Tesla-meters of magnetized and 11 meters of passive iron (Fig. 3).
Strongly interacting particles were absorbed and a large fraction of muons originating
from the semileptonic decays were ranged out or swept away from the neutrino detector
located 56 meters downstream. The magnetized iron shield was a unique feature in this
experiment which allowed for a relatively short distance between the beam dump target
and the detector and hence substantially increased the solid angle for neutrino detection
as compared to previous experiments of this kind {1-4}.

The detector consisted of a 150 metric ton calorimeter with a fiducial volume of 65 tons
made up of 30 modules followed by a muon spectrometer (Fig. 4). The calorimeter modules
were active targets for neuirino interactions. Each module contained 12 teflon-coated lead
plates immersed in NE235 liquid scintillator. The lead plates were 6.3 mm thick to give
a total of 14.4 radiation lengths, 0.5 hadron absorption length, and 105 gm/cm? of material
per module. Vertically, the modules were separated by septa into five horizontal cells.
Light from the liquid scintillator was detected by photomultiplier tubes at each end of
a cell. Pairs of horizontal and vertical PWC planes were interspaced throughout the calori-
meter modules to track particles in the calorimeter, sample hadronic or electromagnetic
shower profiles from neutrino interactions and to aid the vertex determination for the
events. The transverse dimensions of the vertex fiducial volume 2.6 x 1 m? and only neutrino
" interactions in modules 3 through 24 were used. The muon spectrometer consisted of five
XYU drift chamber planes inserted between three iron toroidal magnets. The neutrino
beam was centered vertically but offset 0.75 m to the left of center, which allowed the calori-
meter to accept neutrinos to production angles of 37 mrad.

Upstream of the calorimeter was a triple wall of counters used to prevent triggering
by incident charged particles. The apparatus was triggered when sufficient energy was
deposited by neutrino events within any of 24 overlapping groups of 16 contiguous calori-
meter cells. The trigger threshold and efficiency were calibrated using the electromagnetic
interactions of muons. In the 1981 run the trigger efficiency was greater than 959 at 10 GeV
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and, averaged over the fiducial volume, exceeded 509 for hadron energies greater than
6.5 GeV. In the 1982 run the definition of the energy threshold was greatly improved and
a new trigger was added which only réquired a muon penetrating through all of the three
toroids.

In order to minimize background events produced by beam scraping upstream of the
target, halo monitors were placed along the beam and were calibrated by introducing foils
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3. The active muon shield
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of known thickness into the beam and by varying the beam line vacuum. Spills were elimi-
nated in which more than two halo monitors indicated twice the nominal background
or target monitors indicated that the beam was not céntered on the target. For the remaining
spills, the background due to sources upstream of the beam intensity monitors was determi-
ned to be less than 2.0% (1% in 1982) of the prompt neutrino flux. The beam intensity
devices (SWIC, SEM, etc.), vacuum windows, and air just upstream of the target intro-
duced a larger but calculable background (5% for full and 39 for partial density tungsten
in 1981 run, and about 3% and 29 in 1982 run).
The physics results obtained in this experiment will be described below.

2. Prompt v, and v, production in Tungsten and Beryllium, and a dependence of the cross
section

Data were accumulated in two runs, one in the Spring of 81 and the other in the Spring
of ’82. The raw data sample taken in *82 run is shown in Table III. The partial result is based
on the ’81 data on the energy distribution of prompt v, and v, charged-current events,

TABLE 111
Data accumulated Spring 81 and Spring ’82
Protons on Raw events
Target target _
(x10'7) Vi Vu Oy
Full density W 1.37 776 276 1068
Segmented partial W 0.39 404 121 386
Be 0.77 562 133 993

the ratio of prompt v,/v, and the DD produced cross section was published [23] and results
from the ’82 data run will be presented here.

These results are based on the data collected from a full density tungsten (“hevimet™)
target (4.4 absorption lengths), a segmented tungsten target (3.4 absorption lengths) whose
average density was one-third normal and full density beryllium target (2.6 absorption
lengths). The total exposure after correcting for live time (~ 70%) and eliminating bad
beam spills was 13.5x 106 protons on the full density W target, 3.9 x 10'® on the partial
density W target and 7.7 x 10!° on the Be target.

Charged current v, and v, interactions have an outgoing p which provides an unambig-
uous signal in the detector. We required that the muon pass through at least four drift
chamber superplanes and that the event have a total energy greater than 20 GeV. The
estimated overall efficiency (scan and muon reconstruction) for finding muon charged
current events was 96%,. The average acceptance of the detector for neutrino interactions
with E, > 20 GeV within the fiducial volume was calculated by several methods to be
0.6 using the measured neutrino structure functions [24, 25].
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The target densities corrected for finite target length are 0.93 gy and 0.38 gy for the
full and partial densities, respectively. The prompt muon neutrino spectrum was determined
by a bin-by-bin extrapolation and also by a constrained fit which fixed the non-prompt
v/v flux ratio, R = 0.17, and the shape of the non-prompt energy spectra, which were
calculated from the measured 7, K, A and X spectra in different targets [26, 27]. The expec-
ted distributions in scaling variables x and y, after including the distortions due to accept-
ance, are in good agreement with the data. The energy distribution of muon neutrinos
as a function of energy and P, are shown in Fig. 5 and Fig. 6. From the charged current
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muon data an invariant DD cross section can be obtained using the accepted parametriza-
tion:

L0 o (1) exp (—am))

—3 o (1—x)" exp (—amy),

dp3 P 4
where x is the absolute value of the Feynman x and m, = (p3+m2)!/2. The best fit to the
single component (DD) in that parametrization n = 3.0 a = 2.7 group

o(DD) = 101+ 14 pb/nucleon for 423 dependence
and o(DD) = 18+2.5 pb/nucleon for A' dependence.
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Fig. 7. Prompt v, energy distributions for tungsten and beryllium targets

The two components fit for production of AFD with n = 1 and DD with n = 3.6 and
A3 yields o(DD) = 120+ 52 pb/nucleon and o(A) D) = 26+77 pb/nucleon. Limits
on the product of the F production cross section and the branching ratio of F into two
body B,(F — uv) relative to the product of the D production cross section and the
branching ratio B,(D — xev) is 0.03 with 909, confidence limit. The ratio of prompt
v, /v, = 1.1240.24+0.17. The prompt v, energy distribution in tungsten and beryllium
are shown in Fig. 7. Assuming that the charm cross section is of the form

— 1
Ocharm = acA

and taking the total absorptive cross section of protons on nuclei to be

Gt = GoA%,
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where ¢, = 38.6+1.50 mb and a = 0.7240.01

In (Ry/R;)

In(A4,/4;)°
where R; and R, are the prompt event rate per proton on a target with atomic number
A, and A4, for R,. Taking now the events with E, = 740 Gev { = 0.73+0.05. In hadron

production of strange particles « coefficient is a function of x. The variation of { as a function
of energy is shown in Fig. 8. The data are consistent with constant {.
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Fig. 8. A-dependence determination as a function of energy

3. Verification of muon-electron universality in charm decay

The selection efficiency for muonless events was determined by processing a sample
of simulated NC events. This sample was created from the p, CC events by removing the
muon information from the raw data. These events were then randomly interleaved in the
data with a frequency comparable to that of true v events. The computer selection program
retained 88429 of these events with visible energy >20 GeV. The rejected events were
unbiased in visible energy and vertex position. The efficiency for retaining these simulated
NC events in the scan was 95459,

The v, CC rate is determined from the muonless events by two independent methods:
1) subtraction of known backgrounds; and 2) use of the difference in energy deposition
in the calorimeter between v, CC events and background NC and v, events.

In the first method (see Table IV) the v, NC and the v, CC rates for which the muon
escapes the calorimeter and does not strike the spectrometer are subtracted (geometric
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acceptance ~ 85%). These rates are determined from the measured v, CC rates using the
inelastic structure functions [24] and detector acceptance. Although the ratio of NC to CC
interactions [29] (v and v combined) in lead is 0.32, the observed ratio of detected events
is 0.16 because of the restriction that E,;; > 20 GeV. No distinction between prompt and
non-prompt v, events is necessary at this point. Only v.-induced events remain after the
v, events are removed.

The number of v, CC events is then determined assuming that the NC/CC ratio and
the structure functions are the same as those for v, [30]. Finally, the nonprompt v, CC
events, which come from K decay, are removed (~ 59 correction). These are obtained from
direct calculation and by an independent calculation using the measured and normalized
non-prompt v, CC energy distribution incorporating both the differences in the decay
distributions (3-body vs. 2-body) and the branching ratios [30]. The prompt v, CC rate
in the detector is 499 128 events per 10'7 protons on target for E, > 20 GeV. The analysis
of the data obtained with the partial density target yields a corroborative result 526+ 70
events per 10!7 protons, albeit with a smaller signal to background ratio. The combined
v, rate is 503126 events per 10'7 protons.

The second method of determining the number of prompt v, CC events uses the
characteristics of the interaction in the calorimeter. The difference between the longitudinal
distribution of energy deposition of electrons and hadrons is accentuated by the use of
lead in the calorimeter. A module represents 14.4 radiation lengths but only 0.5 pion
absorption length, so that > 959 of an electron shower is contained within one module
whereas for a typical hadronic shower the comparable length is about six modules. The
observed module energies are first adjusted by interpolation of the shower curve so that the
module energies are representative of an event occurring at the beginning of a module.
The prompt electromagnetic energy is them almost completely contained in the first module.
The procedure we use to identify v, CC events is to estimate the hadronic energy (including
n%) deposited in the first module using the observed energy in the subsequent modules.
A v, CC event would usually have an observed energy in excess of this estimate, while
a NC event would have an energy deposition in the first module comparable to the estimate,

The measured energy calibration of the calorimeter for electrons was B', = N(nep)/5.56,
where N(nep) is the observed pulse area in units of the response to equivalent
minimum ionizing particles. Correspondingly, the energy calibration for hadrons was
E,, = N(nep)/4.40. For v, CC events which contain both an electron and hadronic compo-
nent the visible energy depends upon the relative contribution of each. This difference
is incorporated in the estimate of the energy by defining y,:

Eya aE_,
HTE, T B

b

where E_, is the observed energy calculated using the hadronic calibration and excluding
the first adjusted module and where E,, is the total energy in all modules [31]. Using data
obtained with the calorimeter in a pion test beam we determined that a ~ 2, independent
of hadronic energy. For NC events y, should be ~ 1 with a variance characteristic of the
fluctuations due to the production of neutral pions in the primary interaction. For a purely
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electromagnetic shower y, ~ 0 with a smaller variance. Then the neutrino energy
is expressed as

E (nep)
5.56(1—y,) +4.4y,

E(y,) =

This calculation of the neutrino energy is used throughout the analysis. The y, distribution
for hadronic background is that observed for the hadron showers of the weighted v, CC
events. The distribution of y, for the v.(v,) events is obtained from the response of the calori-
meter to an electron beam combined with the energy depositions of the weighted hadronic
showers at the v, CC events. The structure functions and the ratio of v,/v, are assumed
to be the same as for v, events. The y; distribution for the full density tungsten data is
shown in Fig. 9 together with the combined fit to the v, CC distribution and the back-
ground hadron distribution. The fitted fraction of v, CC events is (53+7)% which yields
a prompt v, CC rate of 474469 events per 10'7 protons, E, > 20 GeV in good agreement
with the value obtained using the subtraction method (Table IV).

The rate of prompt v, CC with the same selection criteria is 530+ 61 events per 107
for E, > 20 GeV (Table IV) [31]. We compare the two results by calculating the asymmetry
A = (ve—v)/(v.+v,) of the prompt CC rates. The result is —0.027+0.064+0.04 for
E, > 20 GeV. The ratio of the prompt v, CC flux to the prompt v, CC flux is 0.95+0.12
+0.8. The latter error is the systematic error due predominantly to uncertainties in the v,
acceptance correction. The dependence of the asymmetry on the energy and transverse
momentum of the prompt neutrinos is shown in Fig. 10. The result is in agreement with
muon-electron universality.

The y, analysis can be used to search for v ~induced NC and/or other sources of NC-like
events. If the normalization of the v, background is fixed to the value expected from the
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Fig. 9. The y; distribution for the data obtained using the full density tungsten target. The solid curve is the

sum of the v, CC distribution and the hadronic background distribution as determined in a fit to the

fraction of ve CC present. The dashed curve is the distribution for hadron showers in v, CC events normalized
according to the fit
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v, CC events and the y, distribution refitted to the sum of the v, CC and NC distributions,
it is found that the CN/CC ratio for v, is 0.23+0.18 compared with the value 0.16 observed
in v, interactions. There is no significant difference which can be ascribed to a source other
than the expected v.-induced neutral current interaction.

In summary, we find no evidence for a difference between the prompt v, flux and the
prompt v, flux observed in a beam dump experiment. We find a NC si gnal consistent with
the universality of the neutral current interaction of v, and v, and with the absence of other
sources of prompt neutrinos.

4. Supersymmetry mass and lifetime limits from a proton beam dump experiment

The observed muonless events have been analyzed to set limits on the mass and lifetime
of supersymmetric particles. For energies greater than 20 GeV the absence of an anomalous
signal results in the limits: (1) assuming g — yqq dominates and the photinos are long
lived (6 ~ 4%72), at the 90% confidence level we find my > 4.1 GeV if my = m,/2 and
m; > 3.1 GeV if m, = mz; (2) assuming g — ¢G dominates, where G is a goldstino,
or assuming g — 5qq and the photino is short lived, we limit A,,, the supersymmetry
breaking parameter; and (3) assuming g — yqq dominates, we exclude photino lifetimes
7;/m3; between about 10-'° and 1 sec/GeV. These limits are shown in Figs. 11 and 12.
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