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ABSTRACT 

Recent results from the CHORUS (Cem Hybrid Oscillation Research ap- 
paratus) experiment are summarized. CHORUS is an experiment de- 
signed to study neutrino oscillations using the pure and intense Wide Band 
u,, beam at SPS (CERN). A fraction of the neutrino interactions collected 
during the years 1994-1996 by the CHORUS experiment has been ana- 
lyzed, searching for V, charged current interactions, followed by the r lep- 
ton decaying into a negative hadron or into a muon. Within the applied 
cuts, no V, candidate has been found. This result leads to a 90% CL. limit 
P(v,, + vr) < 6.0 . lo-* for the mixing probability. We also report on 
the first direct observation of a neutrino-induced charged current interac- 
tion with two subsequent decays of short-lived particles, which a complete 
analysis allows us to interpret as Of* production, followed by the decay 
chain 0,” -+ D,‘r, D$ + T+v,, and r+ -+ /J+v& 
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a resolution of 20% at 75 GeVlc. It consists of six circularly magnetized iron modules 
with a magnetic field of 1.8 T, interleaved with a tracking section composed of drift 
chambers and streamer tube planes. The CHORUS sampling calorimeter is the first 
large-scale application of the so-called “spaghetti technique.“s It consists of a lead and 
scintillating fiber matrix optimized for compensation, with an equal response to elec- 
tromagnetic and hadronic showers. A full description of the CHORUS detector can be 
found in Ref. 9. 

3 Data Selection and Analysis 

3.1 Data Collection and Selection Criteria 

In the 1994-1997 period, CHORUS collected 2,271,OOO triggers corresponding to 5.06 x 
IO” protons on target. Of these, 458,601 have a muon identified in the final state (the 
so-called 1~ events) and 116,049 do not (the so-called 0~ events), and a vertex position 
compatible with one of the four emulsion target stacks. 

All tracks that are associated with the interaction vertex, with an angle of less than 
0.4 rad from the beam axis, and (in view of the large emulsion background of muons 
originating from a nearby secondary target) more than 0.05 rad from the diction of 
this target, are extrapolated downstream and selected for further analysis. These tracks 
are searched for in the emulsion if their charge is negative and their momentum is 
within the range of 0 5 ph 5 20 GeV/c and 0 5 p,, 5 30 GeV/c for hadrons and 
muons, respectively. 

3.2 Vertex Location in Emulsion 

The various steps for finding the plate containing the vertex by means of fully au- 
tomated microscopes are identical to those described in Refs. 10 and 11. They are 
independently applied to all of the selected tracks in the event, namely the muon for the 
l,r~ events, and all the negative tracks for the 0~ events. A track which has been found 
in the interface emulsion sheets is followed upstream in the target emulsion using track 
segments reconstructed in the most upstream 100 pm of each plate until the track disap- 
pears. This plate is referred to as the vertex plate. The mean efficiency of this scan-back 
procedure is found to be N 32% and N 42% for 0~ and 1~ events, respectively. The 
scanning results are summarized in Table 1. 

Table 1: Current status of the CHORUS analysis. 

1994 1995 1996 
Protons on target 0.81 . 10” 1.20. 10” 1.38. 10” 
Emulsion triggers 422,000 547,000 617,000 
1~ to be scanned 66,911 110,916 129,669 
Op to be scanned 17,731 27,841 32,548 
lu scanned so far 42.154 49.912 72.615 
0~1 scanned so far 8,908 12,635 - 
lb vertex located 18,286 20,642 30,128 
0~ vertex located 3,401 3,805 0 

3.3 Decay Search 

Once the vertex plate is defined, automatic microscopic measurements are performed to 
select events potentially containing a decay topology (kink). As a result of the progress 
made in scanning procedures and improved performance in speed of the scanning de- 
vices, different algorithms have been applied. They are described in Refs. 10 and 11, 
and briefly recalled here. 

In the first procedure, the event is selected either when the scan-back track has a 
significant impact parameter with respect to the other predicted tracks, or when the 
change in the scan-back track direction between the vertex plate and the exit from the 
emulsion corresponds to an apparent transverse momentum, pr, which is larger than 
250 MeV/c. For selected events, and for those with only one predicted track, digital 
images of the vertex plate are recorded and analyzed offline for the presence of a kink. 

The second procedure is restricted to the search of long decay paths. In this case, 
the vertex plate is assumed to contain the decay vertex of a charged parent particle 
produced in a more upstream plate. With this procedure, only kink angles larger than 
0.025 rad are detected. 

For the events selected by either one of these procedures, a computer assisted eye- 
scan is performed to assess the presence of a secondary vertex and to accurately mea- 
sure its topology. A r- decay candidate must satisfy the following criteria: 
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of the two assumed mass eigenstates, and 9(E, ,G) is the fraction of v,, with energy E 

originating at a distance between L and L + dL from the emulsion target. 
The r’- channels considered in the present vP + V, oscillation search are (1) r -+ p, 

(2) T + h, (3) r -+ e, and (4) r -+ p (where the p is not identified). 
The expected number N,, (i = 1,2,3,4) of observed r- decays into a channel of 

branching ratio BRi is then given by 

with 

N,i = BRi . J Qv,. . Ppr. (~7. A,i ~ri ’ dE, (2) 

- BR(1,4) = BR(r + v,i&p-) = (17.35 f O.lO)% (see Ref. 18). 

- BR2 = BR(r + vTh-nho) = (49.78 f 0.17)% (see Ref. 18); 

- BR3 = BR(r + vpee-) = (17.83 f O.OS)% (see Ref. 18); 

- GyL the incident vP flux spectrum; 

- u, the charged current V, interaction cross section; 

- A,i the acceptance and reconstruction efficiency for the considered channel (up to 
the vertex plate location); and 

- E,i the corresponding efficiency of the decay search procedure. 

With proper averaging (denoted by ()), NTi can also he written as a function of n, 

NTi = B& . ni. (ppr). kd (ATt) ( .) 

(u,) (A,). ET1 ’ 
(3) 

where 

- n1 = N,, (the number of located charged current v,, interactions corresponding 
to the considered event sample) and n2 = n3 = n4 = (NJoeP (the product of 
N,, and the relative fraction of the 0-p sample for which the analysis has been 
completed); 

- (Q(T)) = s $p . @p, . dE. It takes into account quasi-elastic interactions, 
resonance production, and deep-inelastic interactions [a( %)syst. N 7x1; 

- (A,(,<)) = S * . A,(,;) . @uM . dE [u(w)syst. N  7%1; 

- (cTi) is the average efficiency of the decay search procedure for the accepted 

events [~((~7i))s&. - lo%]; 

Table 2: Quantities used in the estimation of the sensitivity. 

1994 1995 1996 
NP 18,286 20,642 30,128 
r, 1.89 1.89 1.89 
rA 0.93 0.93 0.93 
(A,,) 0.39 0.39 0.39 
(Arh) 0.17 0.17 - 
(A,,) 0.093 0.093 - 

(A+) 0.026 0.026 - 

(GJ 0.53 0.35 0.37 
(%h) 0.24 0.25 - 
(4 0.12 0.13 - 
(erp) 0.22 0.23 - 
N;q 11,987 12,743 - 

To allow an easy combination of the results from 1-p and 0-p event samples, it is 
useful to define the “equivalent number of muonic events” of the 0-p sample by 

4 (ATi) (~7;) BRi 
N,‘9 = (NJo-P. 2 (A,,). a. BR,’ 

The 90% CL. upper limit on the oscillation probability then simplifies to 

2.38. r, . rA 
“’ ’ BR, . (Ed,,) . [N,, + Niq] ’ 

(4) 

(5) 

where r, = br)/(u,) ad f-A = (A,)/&,). 

In the above formula, the numerical factor of 2.38 takes into account the total sys- 
tematic error (17%), following the description given in Ref. 19. The systematic error is 
mainly due to the reliability of the Monte Carlo simulation on scanning procedures. 

The estimated values of the quantities appearing in this expression are given in 
Table 2. No statistical errors are quoted since they are much smaller than the systematic 
uncertainties. 

Using the present sample, the following 90% CL. limit is obtained 

P,,r < 6.0. lo-*. (6) 
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Therefore, we may conclude that the observed double kink originates from the sig- 
nature 0: t 7+v7, rf + p+v&. 

At the primary vertex, no nuclear break up is observed. Low Q* = (0.77 f 
0.15) (GeV/c)2 and the signal of a recoil neutron (t = (0.89 f 0.39) (GeV/c)2) point to 
a diffractive 0: production. 

5 Conclusion 

The emulsion scanning methods, previously described in Refs. 10 and 11, have been 
applied to a fraction of the 1994, 1995, and 1996 data. No r- decay candidate has been 
found, leading to a more stringent 90% C.L. upper limit on the I+, -+ v, oscillation 
probability (P,, 5 6.0 . 10p4). During the second phase of the analysis (with better 
efficiencies, larger statistics, and faster automatic emulsion scanning), we plan to reach 
the design sensitivity (PpT 5 1 .O . 10m4).’ The first direct observation of a neutrino- 
induced charged current interaction with a 0:’ production detected at the vertex proves 
the exceptional capability of CHORUS in the detection of rare processes involving the 
decay of short-lived particles. 
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