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Neutrino Mass and Mixing

ÁNeutrino: spin ½, neutral, left handed chirality (~helicity), ů~10-43 cm2
(reactor-ɜ)

ÁFor 10 yrs we know neutrinos have tiny masses and mix: 0.04 eV<mn< ~1 eV

ÁTwo views on W decay: 

W

l+

ɜiɜl W

l+

Uli
*

Neutrino of flavor l

l=e, ɛ, Ű

ÁPMNS mixing matrix U relates mass & flavor bases: |ni> = SUai |na>

ÁFirst compelling evidence of physics Beyond the Standard Model

Neutrino of definite mass mi

i=1, 2, 3
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Neutrino Oscillation formalism
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Atmospheric Cross-Mixing Solar Majorana CP phases
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d  Dirac CP violating phase

q12   : ñsolarôô mixing angleq23  :  ñatm.ôô  mixing angleq13   

2 Majorana phases

(L violating processes)

Á3 masses m1, m2, m3 : 

Á3-flavour effects are suppressed because : 1ɗ & )301( ȹmȹm 13
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Open questions
ÁWhat are the masses of the mass eigenstates ni?

n3

(Mass)2

Dm2
atm

Dm2
sol

?

n1

n2

n flavor change

bdecay, bb0ɜdecay, Cosmology

ÁIs the spectral pattern           or           ? nbehavior in earth matter, bb0ɜ
( ð )

0

ÁIs there any conserved Lepton Number (Dirac or Majorana neutrino) ? bb0ɜ

ÁWhat are the angles of the leptonic mixing matrix? 

ÁDo the behavior of ɜviolate CP? 

ÁIs leptonic CP responsible for the matter-antimatter asymmetry?

ĄLeptogenesis?

n flavor change

(G. Drexlin,)

(P. Huber)

(P. Huber)

(Th. Lasserre)

(A. Kartavtsev)

(Th. Lasserre)

(Y. Wong)

(T. Hambye)
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ȹm2
31 & ɗ23
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2 |UŰi|
2

ȹmatm
2

= 2.5.10-3 eV2

ɜ1

ɜ2

ȹm2 (eV2)~ L(km) / E(GeV)

L~104 km & E ~ 1-30 GeV

L~1 km & E =  ~ 3 MeV

L~1000 km & E ~ 3 GeV



Atmospheric/Beam Experiments

MINOS

SuperK

K2K

Experiment Baseline Size Channel

SuperK 10-104 km 22.5 000 m3

Chooz 1 km 5 m3

K2K 250 km 22.5 000 m3

MINOS 730 km 5.4 ktons

ɛɛ ɜɜ­

ɛɛ ɜɜ­
ee n­n

Chooz



SuperKamiokande 1998 Breaktrough

50 kt of pure water, 12 000 PMTs

Excellent E-resolution 

e/ɛ discrimination at low energy

0.040.54
(down)ū

(up)ū

ɛ

ɛ °= 0.040.54
(down)ū

(up)ū

ɛ

ɛ

Atm

Atm

°=
n

n

Atmospheric neutrino detection (> GeV)

Neutrino do have mass and they oscillate

Remaining question: is n3 mostlynmor nŰ ?

Water Cherenkov Technique



MINOS Muon Neutrino Dissapearance

ÁChannel: nm­nm
ÁFermilab (US): Main proton Injector (0.3 MW) 

2.5 GeV neutrinos beam

ÁBaseline: 735km (FNAL Ą Soudan mine) 

ÁDetectors: 

ÁMagnetized iron / scintillator tracking 

calorimeter detectors

Á5.4kt Far detector / 0.98kt Near detector

ÁData-taking since 2005

Á7x1020POT recorded

Á3x1020POT analysed

ÁResults: 

Áȹmatm
2 = (2.43Ò0.11).10-3 eV2

Ásin2(2q23) = 1.00Ò0.05

ÁAntineutrino run starting 

5ů oscillation confirmation within 1 year
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CHOOZ

@Dm2
atm = 2.5 10-3 eV2

sin2(2ɗ13) < 0.15

(90% C.L)

ne ­nx

Pth= 8.4 GWth

D = 1 km

M = 5 tons

300 mwe

ÁChannel: anti-ne­anti-ne

ÁIsotrope anti-ne flux from 235/238U & 239/241Pu

1021ne/s for Chooz nuclear power Station (France)

Áanti-ne + p Č e+ + n, <E>~4 MeV,  Ethr=1.8 MeV

Disappearance experiment: search for a departure

from the 1/L2 behavior

ÁAtmospheric ɜɛdo not ocillate in ɜe

Áɜe  is made of 2 mass eigenstates only

ÁAn impressive by-product on ɗ13



Atmospheric Sector from 2000 to 2009

0.040.54
(down)ū

(up)ū

ɛ

ɛ °=

Confident knowledge on ȹm31
2 (critical for any terrestrial ɗ13 search)

Is ɗ23 maximal?



ȹm2
21 & ɗ12
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2 |UŰi|
2

ȹmsol
2 

= 8.10-5 eV2

ɜ1

ɜ2 ȹm2 (eV2) ~ L (km) / E(GeV)

L~100 km & E~MeV

Or MSW óflavor transitionô



Borexino

Gallex/GNO

Solar/Reactor Experiments

SNO

SuperK

KamLAND

Experiment Baseline Size Channel

Gallex/GNO/Sage Sun 30-60 tons

SuperK Sun 22.500 tons

SNO Sun 1000 tons

KamLAND 150 km 1200 tons

Borexino ~800 km 300 tons ee n­n

ee n­n

Űɛ,e,e ɜɜ­



Solar Neutrinos: SNO

ÁGoal : Bore 8 Solar neutrino through CC & NC

Á3 phases: D2O, + NaCl, + 3He counters

ÁChannel/Reaction : 

Áne­ne : nsol D Ą e p p (CC)

Áne  Ąne  , nɛ, nŰ: nsol D Ą e p n (NC) 

ÁDetector in Sudbury mine (Canada): 

Á1000 tons of D2O & 9500 PMTs (54%)

Ámove to LS (SNO+)

ÁSNO Results

ÁTag the MSW-LMA solution

ÁNew LETA analysis (3.5 MeV)

æm2 =5.89Ò2.13 (stat) Ò2.16 (syst) × 10-5 eV2

tan2ɗ12=0.56 Ò0.08 (stat)Ò0.08 (syst)



Reactor ɜôs: KamLAND & Borexino

ÁGoal : Measure the dissapearance of anti-ne

from distant reactors located <L> ~ 180 km 

for the Kamioka mine (Japan)

ÁChannel : ne­ne (detected trough IBD)

ÁDetector: 

Á1000 tons of liquid scintillator & PMTs

Á2 interactions/day (no oscillations)

ÁE range: few 100 keV ~ tenôs MeV

ÁKamLAND Results

Confirmation of the MSW-LMA solution

ÁBorexino data taking (<L> ~ 800 km)

ÁNo spectrum distortion (no ȹm21
2 mes.)

ÁSensitivity to sin2(2q12)

æm2 =7.58Ò0.14 (stat) Ò0.15 (syst) × 10-5 eV2

tan2ɗ12=0.56 Ò0.08 (stat)Ò0.08 (syst)



Solar Sector from 2000 to 2009

ȹm21
2 is ólargeô but 30 times smaller than ȹm32

2

ɗ12 is large but non maximal

0.040.54
(down)ū

(up)ū

ɛ

ɛ °=

MSW-LMA MSW-LMA 



KamLAND Oscillatory Behavior

km7050
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ÁConnecting the v1ïv2 (solar) neutrino pair with the electron flavor 

Č Already KamLAND, Borexino, SNO+?

Č A new dissapearance experiment located at

the oscillation maximum : 

ÁSensitivity (see Phys. Rev. D 71, 013005 2005)

Č Exposure: 60 GWth . Ton . Year

Č 4% systematics, error on sin2(q12) : 2% (1ů)

ÁNo project funded but a few sites have been discussed:

Č Sado Island (Japan), 55 km from Kashiwasaki power plant

Č San Onofre (US), with the Hano Hano detector underwater

Č Rustrel (500 mwe, France), Cruas (12 GW, 73 km), Tricastin (12 GW, 59 km)

Reactor Measurement of ɗ12

km7050
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Opera

Beam Neutrino Experiments

Minos/Nova

T2K

Experiment Baseline Size Power Channel

Minos 732 km 5 400 tons 0.3 MW

Nova 812 km 15 000 m3 0.7 MW

T2K 295 km 22.5 000 m3 0.75 MW ɛɛ

eɛ

ɜɜ

&     

ɜɜ

­

­
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The Beam Channels

ÁSilver Channel:nm ź nt
ÁOscillation Confirmation

ÁTest the Unitary Framework

Ą OPERA experiment

ÁGolden Channel:nmźne (most of the effort)
ÁThe best middle term laboratory for neutrino oscillation

ÁPrecision experiments towards leptonic CP-violation 

ÁFraction ofɜe in ɜ3 : q13

ÁMass hierarchy : sign of Dm2
13

ÁCP violation : sin d

Ą (Minos), T2K, NOvA

ÁBeyond q13 Physics will be presented in P. Huberôs talk

T. Lasserre 09/11/2009



Over-Constraining 

the Parameter Space



Opera @CNGS

nm­ntsearchÁChannel not yet observed :  

ÁCNGS Beam at CERN; beam: 450 GeV protons, 20 GeVp­mnmpeak

ÁDetector: Tau topological ID with 1.25 kt Emulsion Cloud Chamber at LNGS 

ÁBaseline = 730 km (osc. max~1.5 GeV)

ÁNo near detector (low background appearance search)  

ÁRunning now for a second year

CERN

LNGS



Opera @CNGS

nm­ntsearch

Full mixing, 5 years run, 

4.5x1019 pot / year , target mass = 1.3 kton

0.172.9t-­ µ-

0.173.5t-­ e-

0.243.1t-­ h-

0.170.9t-­ 3h

BackgroundSignal  Ŭ(Dm2 )2

Dm2 = 2.5 x 10-3 eV2

t- decay 

channels

0.75ALL 10.4

e(%)
BR 

(%)

17.5

20.8

5.8

6.3

17.7

17.8

49.5

15

ɽx BR =10.6%

Expected signal

Near term expectation: 4.3 events by end of 2010 (with ~1020 p.o.t)

Pb

Emulsion layers

n

t

1 mm
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Combined analysis (example)

Á3 flavor analysis

ÁSNO Combination:

ÁSNO LETA paper 2009:

ÁSNO LETA joint-phase fit

ÁSNO Phase III

Áall solar expts

ÁKamLAND

ÁBest fit

Ásin22q13 = 0.08 Ò0.07

ÁConstaints

Ásin22q13 < 0.24 (95% C.L.)

Almost no improvement onɗ13 (global fitsĄ weak positive fluctuation)
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The Current Central Role of ɗ13

Áɗ13 is the last neutrino oscillation parameter to measure

Áɗ12& ɗ23>> ɗ13Ą a guideline for oscillation models

ÁImprovement of mass parameters (me, mɓɓ) & astrophysical sources

ÁThe ɗ13 quest is an mandatory step prior searching for CP violation in the 

electroweak sector. Branching point around 2015: 

Ásin2(2ɗ13) ³0.02 Ąconventional neutrino beam (ˊ ĄÕ ɜ, 1% contamination)

Ásin2(2ɗ13) d0.02 Ą neutrino factories (µ Ąɜ or AX Ąe + ɜ, pure beams)

ÁExperimentally: need to connect the ɜe flavour with the isolated neutrino (ȹmatm
2)

ÁL~1 km, E~MeV reactor neutrino experiments (Double Chooz, Daya Bay, Reno)

ÁDisappearance expt. ; 

Áɗ13 only Ąócleanô

ÁL~1000 km, E~GeV accelerator experiments (T2K, Nova)

ÁAppearance expt. ; 

Á(ɗ13, NH/IH, ŭCP) Ą correlations & degeneracies

ĄComplementary projects (absolutely needed)
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@Beam: Underlying Oscillation Physics

ÁComplex oscillation formula

Č depends on sin2(2q13) , ȹm31
2, sign(ȹm31

2), ŭ

Á>> MeV muon antineutrinos Č appearance experiments

Č sin2(2q13) measurement depends on d-CP

Á>> MeV neutrinos + 100-1000 km baseline Ą matter effects 

Č sin2(2q13) measurement independent of sign(Dm2
13)

Corrrelation & 

degeneracies
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The electron appearance channel

T. Lasserre 09/11/2009

Beam experiment very efficient to detect ɜe appearance BUT

information on sin2(2q13) difficult to extract é 

P(nm­ne) 



MINOS Electron Appearance Results

ÁChannel : nm­ne

ÁGoal : Search for an excess of ne in the Far 

detector (735km) 

ÁTwo years of data-taking

ÁResults

Á35 events in the Far Detector

ÁBackground prediction of 27 Ò5(stat)

ÁÒ2(sys) based on Near Detector

Á1.5ůexcess of events

Á90% CL upper limit range

Ásin2(2q13)< 0.28-0.34 (NH) 

Ásin2(2q13)<0.36-0.42 (IH)

ÁCP-phase dependent

No improvement with 

respect to CHOOZ

NC Event

e

ɜe CC Event



T2K (Tokai to Kamioka) @JPARK
ÁCCQE: ɜl + n Ą p + l-

ÁChannel: nm­ne (1st goal: search for non-zero ɗ13, beam contamination, NC-1 0́)

ÁChannel: nm­nm( sin2 2ɗ23@ 1% & ȹm
2

23 @ 2%, single pion production)

ÁBeam Setup:

Á750 kW Off-axis beam (2.5o)

ÁQuasi-monochromatic ɜɛbeam

ÁSmaller intrinsic ɜe contamination

ÁReduced high-E non-CCQE backgrounds

ÁFar Detector at 295 km: Ready

ÁSuperK with 12000 PMTs & new electronics

ÁNear Detector at 280 m:

ÁOn & Off-Axis detectors (Ingrid & ND280)

K2K pionner program 

(sin2 2ɗ23 & ȹm
2
23 )



T2K @JPARK



T2K @JPARK

nm­ne  sensitivity after 5 y at 0.75 MW

ÁBeam Status: 

ÁComissionning since 05/2009

ÁSubsecant power increase

ÁRep rate @30 GeV

ÁLINAC from 181 Ą 400 MeV

ÁNear Detector Status: 

ÁIntegration started

ÁReady by by mid-2010

ÁExpected sensitivity timeline

ÁPhysics run in 2010 collecting 

100 kW x 107s (2 x 1020 POT)

Ą sin2(2q13)< ~0.06 (ŭ=0)

ÁProposal: 3750 kW x 107s 

Ąsin2(2q13)< ~0.01 (ŭ=0)

ÁCorrelation & degeneracies



Double Chooz

Daya bay

Reno

Reactor Neutrino Experiments

Experiment Baseline Size Power Channel

Double Chooz 400 m / 1.1 km 10 m3 8.6 GW (2)

Reno 350 / 1.4 km 20 m3 16.4 GW (6)

Daya Bay 400 / 1.7 km 100 m3 17.4 GW (6)
ee n­n
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MeV Reactor Neutrinos

ÁElectron antineutrinos Emitted through Decays of Fission Products

ÁFP of: 235U, 238U, 239Pu, 241Pu

Á

ÁLuminosity

PuNpUnU
239

94

d 2.3239

93

min 23239

92

238

92 ½½­½½½ ­½­+

t0: ~3.5% 235U, 96.5% 238U

g: reactor constant 

k : burn up dependent correction

up to 10% 

thP)k1(N +g=
n

ɜ/s.102GW 1 20

thÚ
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@Reactor:  Underlying Oscillation Physics
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ÁSimple oscillation formula

Č depends sin2(2q13) & ȹmatm
2, weakly on ȹmsol

2 

ÁMeV electron antineutrinos Č only disappearance experiments

Č sin2(2q13) measurement independent of d-CP

ÁMeV neutrinos + 1 km baseline Ą negligible matter effects O[10-4] 

Č sin2(2q13) measurement independent of sign(Dm2
13)

ócleanô ɗ13

information

nepɜe +­+ +

decaysɓ YXnU th

235 -­+­+
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Improving CHOOZ: key facts 

Best Sensitivity @CHOOZ: R = 1.01 °2.8%(stat)°2.7%(syst)

Far: 40000 / Near:  500000 (3 y)2700Event rate

3-5 yearsFew monthsData taking period

0,5%2,7%Statistical error

6,55 1028 H/m36,77 1028 H/m3Target composition
10,3 m35,55 m3Target volume

Double ChoozCHOOZ

Systematic & Background errors

Statistical error

- Two Detector Concept

- Improved detector design: 

Lower threshold, e+ and n Efficiencies, Calibration

- Lower Background: Shielding, Radiopurity

Luminosity incerase: L = Dt x P(GW) x NTarget H

Syst. error CHOOZ Double Chooz

Reactor 1.9% ---

Target H 0.8% 0.2%

efficiency 1.5% 0.5%
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P(ne­ne) = 1-sin2(2q13)sin2(Dm2
31L/4E)

The experimental concept for ɗ13

N
e
a
r 

d
e
te

c
to

r

F
a
r 

d
e
te

c
to

r

Nuclear Power Station Near detector(s) Far detector(s)

<500 m 1-2 km 

ne,m,t

~1021ne/s

e+ spectrum 

Far Detetector

Stat. Errors

ne ne,µ,Ű

sin2(2q13)=0.12

Dm2
atm= 3.0 10-3 eV2

Far/Near ratio 

Lev Mikaelyan (Kurchatov, 2000)


