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Present evidences of 
neutrino mass and mixing

νeν,ν with m2 ≈ 10-4 eV2, almost (not fully) maximal mixing.

1. νand/or ν NC appearance from the Sun in SNO.
2. “Lab Test”:  reactor νe disappearance at L200Km in Kamland (4.6σ)

νν   with m2 = (1.83.6).10-3 eV2, sin22> 0.92 at 90%CL

1. Super-K upward-going atmospheric νdisappearance.
2. Most likely νν from πo and matter effects in Super-K (2÷3σ)
3. “Lab Test”: νdisappearance in accelerator from K2K (4σ)

ννewith m2~ 0.1 eV2

1. LSND  claimed evidence of neutrino oscillation.
2. Unseen by KARMEN with marginal sensitivity
3. Controversy to be solved by Mini-BooNE (results in 2005 ?)
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Neutrino Mixing Handbook
e





= Ui

1

2

3

pure flavour
 eigenstate

back to 
flavour 

eigenstateseach mass eigenstate 
takes a different phase

∆jk  =1.27∆m2
jk(eV2)L(Km)/E(GeV) ,    Wαβ = Uαj Uβj Uαk Uβk

 

P(να→ νβ) =  - 4  Re[Wαβ] sin2 ∆jk  2  Im[Wαβ] sin 2∆jk 
(   ) (   ) jk

k>j k>j
(    ) jk

CP odd
jk

1         0         0 
0       C23      S23

0      ­S23      C23

 C13          0     S13eiδ

  0          1          0
­S13e­iδ   0        C13

 C12         S12         0

­S12    
    C12       0

  0         0         1
U = UA

.U13
.US =

 3 neutrinos  2 mass differences, 3 angles and 1 CP phase
     ∆m2

12  ∆m2
23 θ12 θ23 θ13 δ

atmospheric solar??
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Mixing Parameters Knowledge

  ∆m2
23 = ∆m2

atm~2.510-3 eV2    
  ∆m2

12 = ∆m2
sun ~710-5 eV2

  θ23 ~45o “atmospheric”
  θ12 ~45o “solar”
  θ13 < 13o

  δ     No idea.

<

 ­C13C12 C13S12    S13e­iδ

S12C23+C12S23S13eiδ C12C23+S12S23S13eiδ S23C13

 S12S23­C12C23S13eiδ C12S23+S12C23S13eiδ         ­C23C13

0.72­0.88 0.46­0.68    <0.22

0.25­0.65 0.27­0.73 0.55­0.84

0.10­0.57 0.41­0.80 0.52­0.83
Bahcall et al.
hep-ex/0212147

U =

|U| =



The mixing angles

1         0         0 
0       C23      S23

0      ­S23      C23

 C13          0     S13eiδ

  0          1          0
­S13e­iδ   0        C13

 C12         S12         0

­S12    
    C12       0

  0         0         1
U = UA

.U13
.US =

1

2

3

e

µ

τ

12

13

23
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Experiments at terrestrial baselines, with 12<<1, are described by 3 
parameters only: 23, m23, 13, and 2-flavors-like formulae:

P(e)   sin223 sin2213 sin2 23 = sin22e sin2 23 

P()   cos413 sin2223 sin2 23  = sin22sin2 23 

P(e)   cos223 sin2213 sin2 23 = sin22esin2 23

P()  1 – (sin22+sin22e) sin2 23

P(ee)  sin2213 sin2 23 

Effective mixing angles:

sin22e = sin223 sin2213    0.5 sin2213

sin22= cos413 sin2223  sin2223

sin22e = cos223 sin2213    0.5 sin2213

Effective Mixing Angles

∆jk  = k ∆m2
jk(eV2)L(Km)/E(GeV) ,    Wαβ = Uαj Uβj Uαk Uβk

 

P(να→ νβ) =  - 4  Re[Wαβ] sin2 ∆jk  2  Im[Wαβ] sin 2∆jk 
(   ) (   ) jk

k>j k>j
(    ) jk

jk
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LCP Asymmetry
Being θ13 small, and ∆m2

12 is only ~30 times smaller than ∆m2
23 (LMA):

P(νe→ νµ)  ≅ sin2θ23 sin22θ13 sin2 ∆13  +
                    + cos2θ23 sin22θ12 sin2 ∆12 +
                              +  J ∆12 sin ∆13  cos( δ- ∆13) 
J = cos θ13 sin2θ12sin2θ23sin2θ13 

          large          large         large         ??

(   ) (   )

(   )

LCP violating term vanishes for small θ13

“atmospheric”
“solar”
“interference”  J determinant

νeνµ gives the best opportunity for LCPV due to the 
suppression of the leading CP conserving contributions

Discovery of non-zero θ13 is a pre-requisite of any sensible 
experimental strategy to attack the difficult problem of LCPV



T2K Experimental Strategy
• High intensity  beam highstatistic
• Sub-GeV  beam, well suited for water Cherenkov. Cross-

section largely QE:  n  - p.  E reconstruction.
• E/L tuned to (first) oscillation maximum.
• Narrow band beam to reduce NC background.

Super-Kamiokande 

0.75 MW 
50 GeV PS 
@ JPARC 

OFF-Axis 
neutrino beam
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T2K Baseline and Layout

295 Km
 ND280m

 ND2Km

 SuperKamiokande
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JPARC facility

Energy(GeV)

Cu
rr

en
t(
A

)

  KEK-JAERI joint project
  JAERI@Tokai-mura, 295 Km from 
   Super-K (60Km NE of KEK)
  Construction  2001-2007
  Cost: 1335(1890) Oku¥ (1 Oku¥ ~1M$)

0.30.410.00520.75Power
(MW)

~0.100.530.450.29Rate
(Hz)

48406330Intensity
(1012ppp)

4001201250E(GeV)

CNGSNuMIK2KJPARC



Linac Area



50 GeV PS (11.1.2004)
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Off-Axis neutrino Beams
HornsTarget Decay Pipe  Detector



BNL proposal E889 http://minos.phy.bnl.gov/nwg/papers/E889

E=
m

2 – m
2

2 (E- pcos)

m
2 – m

2

 m
2 (1 + 22)

E

E >>m, and <<1

Much higher flux than old-style NBB.
Strong cut-off of HE tail.
Reduced e contamination.
Tune energy to maximise sensitivity
= 1.27 . m2(eV2) . L(Km) / E(GeV)
Beam energy almost fixed by geometry

=

 L2

1
m

E 2

(1 + 22)2

1

 L2

1
(E- pcos)2

m
2
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T2K Beam

•  Beam steering angle 2.5o0.5o.
•  Tune energy between 0.4 and 1 GeV
•  Best tuning to m2=(1.64).10-3 eV2

60
45

3100
2200

0.211.000.1919.20.7OA2o

29
22

1100
800

0.201.210.1310.60.55OA3o

e@peaktotale

All, CC events
(events/22.5kt/yr)

e/ 

(%)
Flux 

(106/cm2/yr)
EpeakBeam

•  3.3.1014 ppp at 0.285 Hz (0.75 MW, 
2.64 MJ/pulse)
•  1021 pot/yr in 130 days/yr
•  SC proton transport line
•  Graphite target
•  Secondary pions focused by horns
•  Decay pipe 130m length from target
•  Near detector at 280m from target
•  Intermediate detector at 2Km
•  Super-K at 295 Km. (22.5 kt fiducial)



Neutrino Sources

 flux at SK

K /  = 0.052 @SK
         = 0.047 @ND

K+ / KL / + = 32% / 14% / 54% @SK
                   = 29% / 13% / 59% @ND

e flux at SK



Neutrino Beam approved

2004 2005 2006 2007 2008
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Funding (Oku-Yen)

 Last December the neutrino 
facility, originally staged to 
JPARC phase II, advanced to 
phase I.

159.6 Oku-yen (108 yen) in 5 
fiscal years 2004-2008.

2Km hall and detectors not 
included yet. Funds will have 
to be secured later: no 
guarantee now.
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Far detector

Super-Kamiokande.

50 kt total mass, 22.5 kt fiducial.

Original coverage 40%.

After 2001 accident half PMTs 
reinstalled (19% coverage) with 
individual acrilic vessels.

Full rebuild planned after K2K run in 
summer 2005.

It will be ready for T2K..

From 2008 on, T2K will be the major 
user of Super-Kamiokande.
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T2K Near Detectors

•  Covers both on-axis and off-axis.
•  Monitor beam stability and flux.
•  High rate: 60 events/kt/spill.
•  Study  and e interactions: CCQE, CC, NC.
•  Non point-like source, different target, 
different detector technology: flux 
extrapolation to Super-K problem.  

•  Off-Axis as Super-K
•  Water-Cherenkov (100t fiducial mass) to 
cancel detector systematic.
•  Spectrum differences < 10%  better than 
2% systematic on e background subtraction.

Intermediate detector at 2 Km
Ultimate systematic. Not in the baseline design

Near detector at 280 mFlux.L2   @ Super-K
Flux.L2   @ 2 Km
Flux.L2   @ 0.28 Km



1.   Discovery of 13 down to sin2213=0.006
2.   Precise measurement of sin2223 (±0.01), m223 (±10-4eV2)
3.   Discovery/constraint sterile components through NC

T2K Physics Programme

1.   How small is the mixing between the 1st and 3rd 
generation ?
2.  How close to maximal is the 2nd and 3rd generation 
mixing ?
3.  Are sterile neutrino there ?

4.  Is there anything new or unexpected ?
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Neutrino Energy Measure

=80MeV

Ereco - Etrue (MeV)

Etrue (MeV)

Er
ec

o 
(M

eV
)

non-QE
 background

CCQE

E
rec =

mnEl – ml
2/2

mn – El + Plcosl

Almost exact (Fermi motion) for 
QE interactions: l n  l p

non-QE CC interactions of higher 
energy neutrinos  background 
for  disappearance

Coherent o production from NC 
interactions of higher energy 
neutrinos is a background for e 
appearance
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13 (e appearance)

301.6292.14080.310713.6Events in FV

203.768.4247.114.31Ring e-like

152.221.923.03.5e/o separation

123.211.19.31.80.4GeV<E<1.2GeV

OscillatedeBeameNCCC

1. Forward cut
2. high inv.mass cut
3. 1-2 rings likelihood cut
4. Ring balance cut

e/o separation

m2=3.10-3

sin213=0.1
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13 sensitivity



Expected 
13

 Reach

90% CL Sensitivity

m
23

2 (e
V

2 )



    Survival probability
Meas./No-Oscill. (22.5kt x 5 year)
Fit with:
P(νµ→ νµ) = 1 - sin22θ23 cos4θ13 sin2 ∆23

Systematics
Energy scale
Subtraction of non-QE 
backg.
Near-Far extrapolation

True � m2

     O(1%)  measurement
“atmospheric” parameters
 sin2223 = 0.01,   m2

23 = 4.10-5 eV2 

m23, 23 ( disappearance)



 in K2K  (T2K/100)

m2 @ sin22 :
2.14<m2 <3.37 [eV]103 @68%
1.87<m2 <3.58 [eV]103 @90%
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Search for sterile neutrinos
NC interactions sensitive to all active neutrinos.   Together with 
and e, NC provide a measurement of and s.

NC selection of single o, lepton-less 
events: N N o (Smirnov-Vissani tag)

90%CL bands

Expected single o events
22.5kt x 5 year

o production cross-section accurately 
measured (better than 5%) in the near 
detectors.

No way to reconstruct the neutrino 
energy.    Off-Axis, narrow band neutrino 
beam essential.
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Goal of ND280m

16
 m

18 m

SK

36
 m

N-GRID

 Measure  � �  and � e flux minimising syst. in the near/far extrapolation.
 Measure � o cross section, bgr. to appearance of � e and sterile (via NC tag).
 Measure nQE/QE ratio, major syst. uncertainty in E�  reconstruction.
 Monitor the neutrino beam stability.

Beam axis

OA-DETECT



UA1/Nomad Magnet
7.64(L)× 6.116(H)× 5.596(W)
B=0.67T (UA1), 0.4T(NOMAD) 
B=0.2T for T2K (Power<0.6MW)

Magnet+Tracker was our main 
contribution to the conceptual 
design brainstorming.



ND280m Conceptual layout
7.0 m

6.5 m

3.
5 

m

2.
5 

m

3.5 m
2.5 m

 ECAL

17
 m

m

POD:  target, specialised FGD for � �  measurement 
ECAL: containement, �  converter 

 MRD

MRD: range, large angle, additional � /�  ID 

IRON YOKE

50
 m

m

FGD TPC FGD TPCPOD

BB

FGD:  target, dE/dx, PID  
TPC: momentum, charge, dE/dx, PID  



Muon Acceptance 

MRD

MRD+TPC

TPC

FGD contained

MRD

T
P

C

F
G

D



Magnet and Detector Support

C.Gargiulo – Servizio Progettazione Meccanica   INFN/Roma



Magnet Cost
300 k€ Shipping.

Based on company inquiries for half the magnet yoke, extrapolated to the 
full magnet yoke plus coils.

<200 k€ Power supply.

Conservative estimation based on inquiry to a single company (80 k€ for 
3600A,110V, 0.4MW from OCEM).  Depends on 
requirement to be specified (inductance, stability, ecc).

100-200 k€ Infrastructures.

Educated guess for motors, controllers, rails, inner detector basket.

600-700 k€ Total

1€  ~ 1.2$ ~ 130¥
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Design of 280m detectors in 
progress.   Proposal in Spring 2005
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T2K Upgrade (Phase II)

High intensity  beam (100xK2K) from JPARC (0.75 MW) to SK (50kt)

1. Precision measurement of sin2223 and m223 (factor 10 improvement)
2. Discovery of 13 down to sin2213 > 0.006 (factor 20 improvement)
3. Search for sterile components through NC interactions

Phase I

JPARC upgrade to 4 MW power and Hyper-Kamiokande (1Mt) (100xPhase I)

1. Discovery of 13 down to sin2213 > 0.001
2. Leptonic CP violation.  down to 10-20 degrees if sin2213 > 0.01

Phase II
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T2K Phase-II (20??)
0.75  4MW beam power
50 kt  1 Mt water Cherenkov
(Hyper-Kamiokande) 3x105 events/year

Leptonic CPV
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Phase-II CPV Sensitivity
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Stato di T2K
•  La costruzione di JPARC è iniziata nel 2001 e il primo fascio è atteso 
nel 2008.
•  La fase-I  (0.75MW) è approvata e finanziata (oltre 1M€).
•  Il programma di neutrini è una delle principali motivazioni per la 
costruzione della facility.
•  L’approvazione della neutrino beam-line in Giappone (MEXT) è stata 
decisa decisa nel dicembre 2003 e finanziata su cinque anni, 2004-2008.
•  Proto-collaborazione T2K con Giappone, Canada, Francia, Italia, Corea, 
Russia, Spagna, UK e USA.  
•  Working groups internazionali per il disegno del rivelatore.
•  Una LoI è stata inviata  nel gennaio 2003, firmata da istituti in 
Giappone, Canada, Francia, Italia (Bari,Napoli,Padova,Roma I), Corea, 
Polonia, Russia, Spagna, Svizzera, UK and USA.
•  Proposal nella primavera del 2005. Inizio presa dati alla fine del 2008.

T2K è il progetto più interessante nel futuro prossimo delle oscillazioni, 
per scala dei tempi, strategia sperimentale, flessibilità e ricchezza del 
programma scientifico.



Partecipazione italiana
•Gli italiani sono coinvolti e presenti a vario livello nel disegno del 
rivelatore.
•L'opzione magnete+tracking  è una proposta  (P.F.Loverre) e una 
riconosciuta responsabilità italiana.
•Meccanica della movimentazione, cooling, implicazioni del 
magnete sull'ingegnerizzazione dell'intero rivelatore (C.Gargiulo, 
Roma).
•L'opzione TPC per il tracking è una proposta italiana (E.Radicioni) 
che ha raccolto l'immediato interesse di gruppi canadesi e EoI di 
altri gruppi europei.
•La TPC è un progetto complesso con elementi diversi (mechanics, 
field cage, gas system, gem/micromegas amplification, readout 
pad, readout electronics) da realizzare con pochissimo tempo per 
R&D.
•I gruppi italiani coinvolti stanno attivamente cercando di 
allargare la propria partecipazione.
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Conclusioni
•  La fisica delle oscillazioni di neutrini vive anni di importanti risultati.
•  I neutrini solari oscillano. Evidenza di neutrini attivi non-e dal sole. 
Conferma da una sorgente artificiale.
•  Forte indicazione di sparizione dei  atmosferici.   Conferma  da una 
sorgente artificiale.

•  K2K-II:  Conferma sparizione .  Pattern di oscillazione.
• MiniBooNE: LSND?
•  NuMi:    NC/CC, sterili/tau
•  CNGS:   apparizione diretta di tau

•   Ricerca di 13.
•   Misura di precisione dei parametri (GUT test, mass models,...)

Ora

Next        (qualche anno)

Next2     T2K (presa dati fine 2008)

•  Leptonic CP violation.   Gerarchia delle masse.
•  Test del triangolo di unitarietà

Next3           (..??..)
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Questions
What physics is behind neutrino masses and mixing ?
How many neutrino species are there ?
Is there any sterile neutrino ?
What is the neutrino mass pattern (hierarchy) ?
What is the absolute scale of neutrino mass ?
Are neutrino Maiorana particles ?
What is the leptonic mixing matrix ?
Is there CP violation in neutrino interactions ?
Is LCPV responsible for the baryon asymmetry ?

How big is 13 ?  -> experimental study of 
LCPV and hyerarchy depends on the answer!


