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Neutrino Oscillations

Neutrino oscillations depend from� 3 mixing angles, � �� � � � � � � � �� 2 mass differences: � � � �� , � � �� �� 1 CP phase 	
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Atmospheric Neutrino

New analysis Saji@noon2004
Zenith angle distributions

~15km~13000km ~500km ~13000km ~500km

2-flavor oscillations

Best fit
sin22 =1.0, m2=2.0x10-3 eV2

Null oscillation

Sub-GeV e-like

Multi-GeV e-like

Sub-GeV -like

Multi-GeV -like
+ PC

Sub-GeV Multi-R 
-like

Multi-GeV Multi-R  
-like

Up stop

Up thru
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2 ^ Oscillation Interpretation

^ E _ ^ F oscillation

Allowed region shifted!

� � � � A U ` S I a� �� W �

� � � � A U a S I a� �� W �

From Sanji@noon2004
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Atmospheric Neutrino: L/E signature of Oscillation ?

Preliminary analysis selecting events having better reconstructed L/E
Ishitsuka@noon2004
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CNGS project

Conventional High energy Neutrino
Beam from CERN to LNGS

Proton Energy 400 Gev

L 732 km

bc d egf 17.4 GeV

hi jlk m npo q pot/year

Careful design of optics to reduce
material (reinteractions!) along the
beam line
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Status of the project

2/9/03

23/6/03

16/3/04
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The CNGS Neutrino Beam

10

10 2

10 3

0 25 50 75 100

Neutrino energy (GeV)

ν µ
 /
 2

 G
e
V

 /
 5

 1
0

6  p
.o

.t
.

1

10

0 25 50 75 100

Neutrino energy (GeV)

ν e
 /
 5

 G
e
V

 /
 5

 1
0

6  p
.o

.t
.

eν

K
0

µ ν

+

+

K
+

π

+µ

K

Designed on the base of the WANF experience

Almost pure r s beam ( WANF r s CC/pot known to

t u v )

the ratio r w x r s t ni u v with a global systematic error

t y v

The r energy is chosen well above the r z CC threshold,

to allow the detection of r z appearance in the beam

Neutrino Facility Proton energy (GeV) L (km) \ { � ] � W � pot/year ( I a � | )

KEK PS 12 250 1.5 0.005

FNAL NUMI 120 732 3 - 8 - 17 36

CERN CNGS 400 732 17.4 4.5

CERN L.E.x1.5 400 732 1.8 6.7

CERN WANF 450 0.8 24.2 1.5
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The Gran Sasso Laboratory

HALL C

HALL B

ν CNGS
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^ F appearance detection
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$ � � � �� � 
 � �� 14%

Required High mass and high

granularity

OPERA: observation of � decay kink (a la Chorus)

requires high space resolution

Photographic Emulsions combined with Pb Target (ECC, Emulsion Cloud Chamber)

ICARUS: event kinematics (a la NOMAD) escaping neutrinos

requires good reconstruction of kinematics

fine grained ( t � � ) LAR calorimetry over large volumes

D. Gibin, “Physics Potential of CNGS”, IFAE 2004, Torino,April 15, 2004. 10



D. Gibin, “Physics Potential of CNGS”, IFAE 2004, Torino,April 15, 2004. 11



ICARUS: A new detection tecnique

Non-Destructive read-out
� 3D IMAGING

Density 1.4 g/cm �

Radiation Length 14 cm

Interaction Length 80 cm

dE/dx 7 � � =2.1 MeV/cm

T=88 K @ 1 bar
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ICARUS Data Quality: Electronic Bubble Chamber

T600 test run: 27000 triggers with cosmic ray

e.m. shower
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The T600 Detector

� Approved and funded in 1996

� Built between years 1997 and 2001

� Completely assembled in the INFN assembly

hall in Pavia

� Full scale Demonstration test run in surface

conditions of one half-module in summer 2001

� Three months duration

� Completely successful

� Data Taking with cosmic rays
� Detector performance

� Full scale analyses

� Full unit assembly terminated in 2002

� Waiting to be installed at LNGS
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Measurement of the muon decay spectrum and the � parameter
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ICARUS detector configuration in LNGS Hall B (T3000)
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The T1200 ”unit”
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ICARUS and CNGS neutrino beam
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^ E _ ^ F appearance search summary

� T3000 detector (2.35 kton active, 1.5 kton fiducial)

� Integrated pots: j� hi j � m n o q Conservative � �i � j � m np� � pots

Signal Signal Signal Signal

� decay mode � � � � � � � � � � � � BG

mi � � m n�� � � � � �i j� m n � � � � � yi n � m n � � � � � hi n � m n � � � � �

� � � 3.7 9 13 23 0.7

� � ��� � � 0.6 1.5 2.2 3.9 b ni m

� � �� c 0.6 1.4 2.0 3.6 b ni m

Total 4.9 11.9 17.2 30.5 0.7

� Several decay channels are exploited (electron is the golden one)

� (Low) backgrounds measured in situ (control sample)

� High sensitivity to signal and oscillation parameters determination
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^ E _ ^ � appearance search summary

For � � �� � � �i j� m n�� �

��� � � A � � � ���  ¡ �¢ a U a ' or � � �¢ £¥¤

��� � � A � � � ��¦ § §¨ ¢ a U I ' or � � �¢ I I¤

��� � � A � � � �©ª � § ¡ ¢ a U a £ or � � �¢ V¤
Limited by statistics for

CNGS!

ICARUS offers the best

sensitivity until JHF starts

ICARUS CNGS L.E.  X1.5
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OPERA: an hybrid detector

10 x0

8.3 kg

It’ a complete standalone detector

Extract selected Brick

Trigger and locate brick

measure momenta of hadrons by

dE/dx       separation at low energy

measurement of energy of electron

neutrino interaction vertex
kink topology reconstruction

multiple scattering
πµ

electron identification and

and gammas

  id, charge and p recµ

Need electronic detector

Emulsion cloud chamber (ECC)
Based on the concept of the

(validated by DONUT observ. of     )ντ
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Opera: the final design with 2 Supermodules
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Target

Emulsion mass production started April 2003 (« 150000 M� )

Refreshing done in Tono Mine in Japan: 2 years required

One batch sent to LNGS every 2 monthw starting summer 2004

$ emulsion storage ready @ LNGS june 2003

Pb + 0.7% Ca (1 mm thick @ 10 E m) ready for a prototype mass production in Goslar (Germany)

Brick assembly machine (« 206000 bricks assembled at a rate of« 2 bricks/min� SPECS document completed end 2002� 10 companies have been working for a preselection run in May 2003� 4 companies have been selected and invited to the tender� tender completed in Nov 2003� Tecno-cut (Swiss-Italian) consortium got the BAM contract in Jan 2004� Vacuum Vs. Mechanical option still open

$ emulsion storage ready LNGS june 2003
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Emulsion refresh developed ad Nagoya University with Fuji

Initial Sensitivity

Production$ Beam exp$ Develop

Grain density« J `[ I a a E �

Refresh (T=30¤ , R.H. 98%, 3 days)

Production$ Beam exp

$ Refresh$ Develop

Grain density« ¬[ I a a E �

Sensitivity after Refresh

Production$ Refresh

$ Beam exp$ Develop

Grain density« J `[ I a a E �

NO Sensitivity degradation after refresh
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Target Tracker

� Neutrino interaction vertex� Brick localization� Muon tracking and ID

32256 Target Tracker scintillator strips

(A U £ � �­ IU a � � ­ V � )

� XY planes« 7000 m�� 1000 MaPMT Hamamatsu 64

channels
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The muon spectrometers

Magnet instrumented with:� RPC inside iron gap ( E -id, shower energy)� Drift Tubes ( E -momentum measurement)

E  B ® ¯° ` % ( with target tracker)
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Expected numbers of events for ^ E _ ^ F appearance search

full mixing 5 years run @ 4.5 ± ² ³ I° ´�µ¶ ·¸º¹ »¼

Signal Signal Signal BCKD
½ ¾ A ¿¹ À A Á ½ ¾ A ¿¹ À A Á ½ ¾ A ¿¹ À A Á

²Â Ã ± ² ³  J Ä Â ³ ± ² ³  J Ã Â ³ ± ² ³  J

OPERA (1.8 kTon Fid.) 3.1 (4.7) 7.3 (11) 16.4 (24.6) 0.7 (1.06)

ICARUS (1.5 kTon Fid.) 3.2 (4.8) 7.6 (11.4) 17.2 (25.8) 0.7 (1.06)

(...) with extra beam factor 1.5
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OPERA sensitivity to Å I J

Simultaneous

fit of the E� , p Æ and E Ç� � distributions

Only 15% increase scanning because the

event

location is already performed for ^ F search
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CONCLUSIONS

È The CNGS program is on schedule and beam operation will start in 2006

È OPERA is installing the detector and is proceeding on schedule

È ICARUS is ready to install his first T600 module and preparing to realize two

T1200 modules and the magnetic spectrometer

È Both experiments are working to be ready for first neutrinos which will be delivered

in 2006

È High sensitivity to the ^ F appearance search

È Possibility to study the ^ E _ ^ � oscillations with improved sensitivity for Å I J
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