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2L 1We don’t get enough…Φν = 2Lsun
25MeV

1
4π (1AU)2 = 7 ⋅1010 sec−1 cm−2

The pioneer: 
Ray DavisRay Davis, 
Homestake  
since ~1968 
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Neutrino Oscillations

source propagation in vacuum (or matter) detectionsource propagation in vacuum  (or matter) detection

Energy (i e mass) eigenstates
L

weak interaction 
produces 
‘flavour’ neutrinos

weak interaction: (CC)

ν Ν → μ− Χ

Energy (i.e. mass)  eigenstates 
propagate

e.g. pion decay π → μν
¦νμ> = α ¦ν1 > +

β ¦ν2 > +

¦ν (t)> = α  ¦ν1 >   exp( i E1 t) 
+ β   ¦ν2 >  exp( i E2 t) 
+  γ  ¦ν3 >   exp( i E3 t) 

νμ Ν → μ Χ
νe Ν → e− Χ
ντ Ν → τ− Χβ  ¦ν2 > + 

γ  ¦ν3 >
γ ¦ 3 p( 3 )

P ( μ → τ) = ¦ < ντ ¦ ν (t)>¦2t = proper time   ∝ L/E

The idea raised first by Bruno Pontecorvo in 1957.
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Oscillation Probabilityy

Δm2 in ev2Δm in ev
L in km
E in GeV
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Three neutrino mixing
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The global plot
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Motivation for short base-line 
neutrino oscillation searchneutrino oscillation search

(year 1993)
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CHORUS Proposal: CERN-PPE-93-131



The The CollaborationCollaboration

Belgium (Brussels, Louvain-
la-Neuve), CERN, Germany 
(Berlin Münster) Israel(Berlin, Münster), Israel 
(Haifa), Italy (Bari, Cagliari, 
Ferrara, Naples, Rome, 
S l ) J (T h Ki kiSalerno), Japan (Toho, Kinki, 
Aichi, Kobe, Nagoya, Osaka, 
Utsunomiya), Korea 
(Gyeongsang),
The Netherlands 
(Amsterdam), Russia ( )
(Moscow), Turkey (Adana, 
Ankara, Istanbul) + more 
later (…R. Tsenov17…)later (…R. Tsenov …)

17) On leave of absence from Sofia University, Bulgaria, with support from the Bogazici University,

C t f T ki h B lk Ph i R h d A li ti (1994 1995)
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Centre for Turkish-Balkan Physics Research and Applications. (1994, 1995).



CHORUS Main objectiveCHORUS Main objective
• ντ appearance in the SPS WBB νμ beam via oscillation

• P(νμ → ντ ) down to 1•10-4 for δm2 ~10 eV2

• ν direct detection in 770 kg nuclear emulsion target• ντ direct detection in 770 kg nuclear emulsion target
Tag: visible 1- and 3- prongs 

decay of primary τ-lepton 
(decay path ~1 5 mm)(decay path 1.5 mm)

μ- ντ  νμ                   
h- ντ nπο

e- ν ν

ΒR 17 %  
50 %
18 %
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e ντ   νe
π+ π- π- ντ   nπο

18 %

15 % “Kink”



CERN West Area Neutrino FacilityCERN West Area Neutrino Facility
450 GeV

SPS

CERN West Area Neutrino FacilityCERN West Area Neutrino Facility

CHORUS NOMAD
SPS

protons
Beryllium

target horn reflector vacuum tunnel
earth/iron
shielding

<L> ~0.6 km; δL(rms)/L~0.2

124 m 290 m 408 m

• WBB, <E   > = 26.6 GeVνμ

• ~5•10    protons on target
• ~840K CC in CHORUS

19
μ

νμ840K       CC in CHORUS
• CC / CC ~ 3. 10νμ

-6
μ

ντ
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(~0.1  background event)(~0.1  background event)(~0.1  background event)(~0.1  background event)



WANFWANF West AreaWest Area
Neutrino FacilityNeutrino Facility

WANFWANF West AreaWest Area
Neutrino FacilityNeutrino FacilityNeutrino FacilityNeutrino FacilityNeutrino FacilityNeutrino Facility

The “horn”The horn
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SPS and WANF SPS and WANF ((νμ ) neutrino ) neutrino beambeamSPS and WANF SPS and WANF ((νμ ) neutrino ) neutrino beambeam(( μ ))(( μ ))
Protons on neutrino from 1994 to 1998
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CHORUSCHORUSCHORUSCHORUS
detectordetectordetectordetector

T=5°T=5°N l I t M th A 401 (1997) 7

μ -μ -
T=5T=5Nucl. Instr. Meth A 401 (1997) 7

Calorimeterμ -μ -

h-h-

770 kg emulsion MuonMuon g
target and 

scintillating fibre 
tr ck r

Air core 
t t d

Air core 
t t d

Muon
spectrometer
Muon
spectrometer
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trackerspectrometer and
emulsion tracker
spectrometer and
emulsion tracker Veto   plane



Scintillating fibreScintillating fibreScintillating fibreScintillating fibreScintillating fibreScintillating fibre
trackerstrackers
Scintillating fibreScintillating fibre
trackerstrackers
Nucl. Instr. Meth A 412 (1998) 19

δ d δ 1 0δθ~ 2 mrad, δxy~150 μm
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External electronicExternal electronicExternal electronicExternal electronic P(h±)<20 GeV/cP(h±)<20 GeV/c
detectors:detectors:detectors:detectors: δp/p ~25%δp/p ~25%

• sign and momentum of pionssign and momentum of pions
• Hadronic and e-m shower 

energy and directiongy
• Muon momentum and id
Event pre-selection and       

post-scanning analysis 3<P(μ±),GeV/c<100
δp/p = 11-20%

3<P(μ±),GeV/c<100
δp/p = 11-20%δp/p = 11-20%δp/p = 11-20%
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δE/E ~35%/E(GeV)δE/E ~35%/E(GeV)



Neutrino data-taking collection efficiency 1994-1997

Year of exposure 1994 1995 1996 1997 AllYear of exposure 1994 1995 1996 1997 All
POT / 1019  0.81  1.20  1.38  1.67   5.06

Expected Ncc / 103  120  200  230  290   840
Chorus efficiency 0.77 0.88 0.94 0.94   0.90

Deadtime 0.10 0.10 0.13 0.12   0.11
G d l i 0 97 0 73 1 00 1 00 0 93Good emulsion 0.97 0.73  1.00 1.00  0.93

N.B. Longest/Largest emulsion exposure ever done
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Nuclear emulsion yesterdayNuclear emulsion yesterday
1947, first nuclear emulsions. Lattes et al., Brown et al.:

Nuclear emulsion yesterdayNuclear emulsion yesterday

Discovery of Discovery of ππ→→μμ→→ee
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CHORUS emulsion plateCHORUS emulsion plate
Target = 4 stacks (1.4Target = 4 stacks (1.4 1.4 m1.4 m22))
1 stack = 361 stack = 36 platesplates

pp

1 stack = 36 1 stack = 36 platesplates

MIP : 30 MIP : 30 ∼∼ 40 grains / 100 40 grains / 100 μμmm

1/4 plate1/4 plate

μμmm

emulsion 350 mkm

10
0 

10
0 

μμ base 90 mkm

– Grain size ~ 0.3 μm
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– Angular resolution ∼ 1.5 mrad80 80 μμmm



Predictions, ,
Scanback and
Vertex locationVertex location

ε

Once the track is found
inside the target largeinside the target, large
plate-to-plate scanback 
efficiency; it allows vertex

θ

efficiency; it allows vertex 
location by disappearance 
of the scanback track in two

tanθconsecutive plates.



Decay searchDecay searchDecay searchDecay searchyyyy
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CHORUS automatic microscopesCHORUS automatic microscopesCHORUS automatic microscopesCHORUS automatic microscopes

CCD and XYZ 
stage

CCD and XYZ 
stage

New Track SelectorNew Track Selector

Host CPUHost CPUstagestage Host CPUHost CPU

Network Network 
data data 

storagestorage
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Automatic scanning: Track Selectorg
(developed in Nagoya)

0 0081994

views/syear

396 ~ 99
0.2594 ~ 96
0.008~ 1994

~302000 ~
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AUTOMATIC SCANNING: The  Track Selector (TS)

A track to be recognized

sliced emulsion imageg

shift each frame (angle is GIVEN)

Recognized track

sum upsum up



Inside a “vertex plate”Inside a “vertex plate”Inside a vertex plateInside a vertex plate
ν beam

-54 μm-54 μmμmμm

-36 μm-36 μm

2121View size: 120x150 View size: 120x150 μμmm22
-21 μm-21 μmμμ

Focal depth :  ~3 Focal depth :  ~3 μμmm

22
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0 μm0 μmRed frame: ~30x40 Red frame: ~30x40 μμmm22



τ- kink detection 
( h)

Offline selectionOffline selection

(parent search)
PrinciplePrinciple: Offline selectionOffline selection

small impact parameter between
parent and daughter
ki k i t i i th t l t

PrinciplePrinciple:
Parent track (τ) can be detected by
wider view and general angle scanning

kink point is in the vertex plate
g g g

at the vertex plate

Impact parameter

scan-back track

μ or h

τ

general scanning area

Roumen Tsenov, ICPP, 27-31 October 2008, Istanbul 27



Backgrounds
νN → μ+D-X

h- neutrals Charm production
6

• τ-→h-n(π0)ντ
νN → μ-D+X

h+ neutrals

p
and missed μ ≈10-6 N1μ

h neutrals

νN → ν h-X
h N h N

h scattering without 
visible recoil or nuclear ≈10-5 N1μ

h- N →h- N break-up (white kink)

• τ-→μ-ν ν
νN → μ+D-X Charm production 

10 6 N• τ →μ νμντ μ- neutrals and missed μ

νN → ν h-X white kink and

≈10-6 N1μ

10-6 N
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h- N →h- N
white kink and 

wrong μ id
≈10-6 N1μ



Computer assisted eye-scan Co pu e ss s ed eye sc
to confirm the presence of a secondary vertex

Low momentum
BG track 80.0%

Parent = daughter
no angle difference (distortion) 4.0%

en
ts

Backward going track: 12.0% te
d 

ev
e

nuclear fragment

Hadron 2ry interaction 2 5% of
 lo

ca

Hadron 2ry interaction 2.5%

1 5%

5%
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Decay (kink) 1.5%



PHASE I data flow chart 
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How to reduce the background How to reduce the background How to reduce the background How to reduce the background 
or confirm a candidateor confirm a candidateor confirm a candidateor confirm a candidate
A unique feature of emulsion: kink parent direction

Signal: τ- BackgroundsSignal: τ

“White kink” Charm (D-) decays

g

-
h- or μ-

ν μ (unidentified)νμ
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ν beam



Limit Computation
⎞⎛ 2

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ⋅Δ⋅
⋅=

E
Lm

P
2

22 27.1
sin2sin μτ

μτμτ θ
=

CCμτ
NP τ

2 4
{ }∑ =

⋅⋅⋅
0μ,1μ

kink
i i

i

i
CC
μ

CC
τ

ii

μτ

A
ANBR ε

σ
σ

μ

τ 2.4

1μN 0μNCCCC
μτ σσ μτ

1μ1μ
AA μτ

0μ0μ
AAkink

1μ
e kink

0μ
eμ μμ μμ μμμ 0μ

0.53 143,742     0.97     0.39   20,081     2.3      0.13
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Result of Phase I
Phys.Lett. B 497 (2001) 8

• Pµτ < 3.4 10-4

m
2 
[e

V2
]

µτ

• @90% CL[1]

2

Δm

• For for large Δm2 →
sin22θµτ < 6.8 10-4

µτ

[1] T Junk NIM A434 (1999) 435

sin2(2θ) 0.6 eV2
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[1] T.Junk, NIM A434 (1999) 435



CHORUS Phase II : Netscan
A new scanning technique : scanning speed increased 

f 0 01 f / i 1994 10 000 i 2000from 0.01 frames/sec in 1994 to 10,000 in 2000
• Use already located events
• Pick up all track segments in an 8-plates deep p g p p

fiducial volume around scan-back track
• Decay search is not limited to the scan-back track
• Offline analysis of emulsion data• Offline analysis of emulsion data

At least 2-segment 

Reconstruct full 
vertex topology

g
connected tracks

Track segments from 8 Eliminate passing-
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Track segments from 8 
plates overlapped

Eliminate passing
through tracks



Ultra Track Selector (HW based)( )

Faster Hardware processing of images:Faster Hardware processing of images
from digitization to 
grain finding and data storage

After 16 images are stored:
PARALLEL angular scan 
f ibl lfor every possible angle:

HW summation by FPGA technology
(Field programmable Gated Arrays)p y
to find tracks while the microscope            
moves to the next position 

Performance:
3 H (f ll k i h θ 400 d)3 Hz (for all tracks with θz < 400 mrad)



OFFLINE Emulsion Analysis

1.5 

All track
segments

1) R d ti f 10K t k tmm 1) Reduction of ~ 10K track segments
(each event,  a “two-years” history!)
by use of emulsion+electronic data

8 plates 
overlapped

AND 

2) Subsequent Physics analysis1.5 
mm

overlapped 2) Subsequent Physics analysis

≥2 segments
connected

Not passing 
through



PHASE II data flow chart 

Results of the reconstruction of the 0μ sample
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Final Results 
Nucl. Phys. B 793 (2008) 326

• the same τ→1μ “would be seen” number of events

• 7 times more τ→0μ “would be seen” number of eventsμ
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P < 2 2 10 4 P < 2 2 10 2•Pµτ < 2.2x10-4 @90% CL Peτ < 2.2x10-2
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ConclusionsConclusions
CHORUS has reached its design sensitivity g y
on Pµτ ~10-4;
Ri h p biliti s f h b id m lsi nRich capabilities of a hybrid emulsion 
experiment for study of short lived 

l d d hparticles, e.g. neutrino induced charm 
production have been demonstrated;
Successor long base-line τ appearance 
experiment exploiting similar techniqueexperiment  exploiting similar technique, 
OPERA, is running.
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