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= Neutrino Mass and Mixing

ANeutrino: spin ¥, neutral, left handed chirality (~helicity), G~1043 cm?2 (eactor-s)

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

ATwo views on W decay:

I* '

3 A A—) 3

W W

Neutrino of flavor | Neutrino of definite mass m
I=e,e, U =1, 2, 3

APMNS mixing matrix U relates mass & flavor bases: [n>=S U, |n >

AFirst compelling evidence of physics Beyond the Standard Model

T. Lasserre 09/11/2009 2



SS9 Neutrino Oscillation formalism

O

oM @)L m @

P(3x - 3x)=1- sin?(2d)sin2.27 &

(3x- 3«)=1- sin*(2d) g T
Atmospheric Cross-Mixing Solar Majorana P phases
g 0 Opéc, 0sg@ec, s, Og&”™ 0 00

u, e u, € 2,12 AU
C,s 32303é 0 1 O u3é'312 C, Ou3é0 e 0O

/7

Sy Cul £s€” 0 ¢, g0 0 1ygo 0 Y

d 3 iatm. 66 nmj, xi ng daashgheol ar 66 mi xing
2 Majorana phases

Cj' cos ggs;* sing; d Dirac CP violating phase (L violating processes

A . — A2 2 _ 2 2

A3-flavour effects are suppressed because : qgnjoI < q.:pnjtm (]/30) & d13 < 4
3



= Open questions

AWhat are the masses of the mass eigenstates n.?

=]

Dm2, ., n flavor change

WEES); n, l

N

} b decay, b 03 decay, Cosmology

Als the spectral pattern or ? '’ behavior in earth matter, b B3

Als there any conserved Lepton Number (Dirac or Majorana neutrino) ? b 03

AWhat are the angles of the leptonic mixing matrix?
ADo the behavior of 3 violate CP? n flavor change
Als leptonic Qﬁ responsible for the matter-antimatter asymmetry?

A Leptogenesis? A
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(Massy

5 U2

M2 = 2.5.16°

I
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I
I
I
I
I
\

gm? (eV2)~ L(km) / E(GeV)

eve L~10*km & E ~ 1-30 GeV
L~1km & E= ~3 MeV
L~1000 km & E ~ 3 GeV

LSS 0&
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=1 Atmospheric/Beam Experiments

¢
'

Experiment Basel‘lne Size SN Channel

Smary
A,

Superk 225000m3 3" 3,
Chooz 5m3 i
K2K . 250km  22.5000 m3
MINOS © 730km 5.4 ktons

=

ne - ne 5 ;
38 ) 38



S SuperKamiokande 1998 Breaktrough

Atm
_Water Cherenkov Technlque N (up) — 0.54° 0.04
’w\\v & I / A, (down) '

2N

-':.‘~
2o

K2K 68%
—— K2K 90%

K2K 99%
— SK L/E 90%

%2 04 06 08 1

sin2(20)

12,800 km 6,400 km 500 km 30km 15 km

Neutrino do have mass and they oscillate

50 kt of pure water, 12 000 PMTs
Excellent E-resolution
e/ ¢ discrimination at | ow energy

Remaining question: is nymostly n, or ny?



& MINOS Muon Neutrino

AChannel: n: n,

AFermilab (US): Main proton Injector (0.3 MW)
2.5 GeV neutrinos beam

ABaseline: 735km (FNAL A Soudan mine)

ADetectors:
AMagnetized iron / scintillator tracking
calorimeter detectors
A5.4kt Far detector / 0.98kt Near detector

MINOS Far Detector

AData-taking since 2005
A7x102°POT recorded . *  Far detector data
A3x102°POT analysed > —— No oscillations

©) —— Best oscillation fit

AResults: I NC background
Aqm,,, 2= (2.4300.11).103 eV?
Asin?(2q,,) = 1.00 00.05

AAntineutrino run starting

o . ; . 10 15 203050
5u oscillation confir

Reconsiructed rieutrino energy (GeV




€SP

A Channel: anti-n- anti-n,
Alsotrope anti-n, flux from 235238 & 239/241py £
102! n /s for Chooz nuclear power Station (France) § J', 2 90% CL Kamiokande (mult-GeV)

om” (eV?)

‘l 90% CL Kamiokande (subs+multi-GeV)

Aanti-n,+ p C e* +n, <E>~4 MeV, E,; =1.8 MeV
Disappearance experiment: search for a departure
from the 1/L? behavior

L))

AAtmospheric 3, do not ocillate in 3,

A3, is made of 2 mass eigenstates only 01 /_,/

)

S
s,
A

P,.= 8.4 GW, I

turget

DCULrino : ”"7:::';:21,-“{ D - 1 km ’ - @szatm: 25 103 e\ﬁ

M =5 tons | - sin?(2d;5) < 0.15
300 mwe ! (90% C.L)

05 0.6 0.7 0.8 09._ I
sin“(208)

T. Lasserre 09/11/2009 10




& Atmospheric Sector from 2000 to 2009

T LLL | |||I H T T T T T T T T

tan?8,;=0.0051tan?8,;=0.020 tan®8,;=0.036

1
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Y - e
tan®s, ,=0.O47§§tanzﬁ1 ,=G.O64§§tan2ﬁ1 s=0.0757
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1 1 1 1 & 1 111 1 1 1 {1 111
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1 0.25 0.5 0.756
. 2

tan®8,, sin'o,,

Gonzalez-Garcia et al., 2000 Schwetz et al., 2008
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-

-
=
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Confident knowledge on gum,? (critical for any terrestrial d;; search)
Is d,; maximal?




(Massy

3, ERinnsssdsiRARRIE - om2 (eV?) ~ L (km) / E(GeV)
| L~100 km & E~MeV
3 Or MIMordt r ansi
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Solar/Reactor Experiments

i T Basellne
GaIIex/GNO/Sage Stm
SuperK |
SNO
KamLAND
Borexino

Experiment

Gaﬂéx/GN@ |

<%, - 'SuperK
.. ¢ KamLAND

Slze Channel

30- 60 tons ne i ne

22. 500 tons 3

1000tois - 3,- 3, ;

1200 tons n o

300 tons e e



= Solar Neutrinos: SNO

AGoal : Bore 8 Solar neutrino through CC & NC
A3 phases: D,O, + NaCl, + 3He counters

ACha,nneI/Reaction :
Ane' n,:NuDA epp (CC)
Angang,n. Ng:ng,DA epn(NC)

ADetector in Sudbury mine (Canada):
A1000 tons of D,0 & 9500 PMTs (54%)
Amove to LS (SNO+)

) 8B Flux Result
ASNO Results

8.0

—&— Previous SNO results + total uncert
Systematic uncertainties

—&— LETA results + total uncert
LETA systematic uncertainties

in

w
o4
=
=
)
o
=
(&

ANew LETA analysis (3.5 MeV)

fn

Dy =5.140 +4.0-3.8 %

&em=5.8902.13 (stat) 02.16 (syst) x 105 eV?2
tan2d,,=0.56 00.08 (stat) 00.08 (syst)

4‘7407%——%—

Previous Previous Previous - LETA - LETA I
Phase 1 Phase 11 Phase III



&= Reactor 30 s : KamLAND ¢

AGoal : Measure the dissapearance of anti-n,
from distant reactors located <L> ~ 180 km
for the Kamioka mine (Japan)

AChannel : n- n, (detected trough IBD)

ADetector:
ALO0O tons of liquid scintillator & PMTs
A2 interactions/day (no oscillations)
AE range: few 100

AKamLAND Results

no-oscillation
accidentals
= c(n) 0
best-fit oscillation + BG
—ea— KamlLAND data

&M =7.5800.14 (stat) O0.15 (syst) x 105 eV?
tan2d,,=0.56 00.08 (stat) 00.08 (syst)

Events / 0.425 MeV

ABorexino data taking (<L> ~ 800 km)
ANo spectrum distortion (no gam,,2 mes.)
ASensitivity to sin?(2q;,)



= Solar Sector from 2000 to 2009

MSW-LMA

solar

glpbal

Unconstrained

r——

Solar + Atm, + CHOOZ

1T e e et 1 10 2 . 0.4 0.6 0.8

2
sin @
tan?8,, 12

Gonzalez-Garcia et al., 2000 Schwetz et al., 2008

gm,,2isol ar ge 6 b wsmall& Ghan qgmmge s
d,, is large but non maximal



. KamLAND Oscillatory Behavior

P@e- 3c)=1- sin (2d12)§|naepnjOI 88
G E

HLSY ROER
—a—hI/IREN (R FIFETOEBOLND EEE)

Goesgen
Savannah River
Palo Verde
CHOOZ

Bugey

iy
55
=
iR
Hu 0.8
+H
\
=
5 C
|

|_1

REF-
f..

o

Rovno

«pP>OOCAP>PNRO

Krasnoyarsk

30 40 50 3( . ! 90 100
L,/E (km/MeV)

4 peak
Oscillatio n maximum ¢ ———90 50- 7(km

P,



G0 Reactor Measurement of d,,

AConnecting the v, T v, (solar) neutrino pair with the electron flavor
C Already KamLAND, Borexino, SNO+?

C Anew dissapearance experiment located at
peak

the oscillation maximum : Baselne® ——2—° 50- 7Ckm

g, 3

ASensitivity (see Phys. Rev. D 71, 013005 2005) z
~ Zo

C Exposure: 60 GW,, . Ton . Year

C 4% systematics, error on sin%(q,,) : 2% (1)

ANo project funded but a few sites have been discussed:  etale eneray (Hew)
C Sado Island (Japan), 55 km from Kashiwasaki power plant

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

C Rustrel (500 mwe, France), Cruas (12 cw, 73 km), Tricastin (12 Gw, 59 km)



EXperiment
Minos
Nova
T2K

Minos/Nova .

Size 1§
5 400 tons
15 000 m?

22.5 000 m?

Power
0.3 MW
0.7 MW
0.75 MW

Beam Neutrino Experiments

Channel -

&
3. - 3¢



&0 The Beam Channels

ASilver Channel:n Z n,
AOscillation Confirmation
ATest the Unitary Framework

AGolden Channel: n z n. (most of the effort)
AThe best middle term laboratory for neutrino oscillation
APrecision experiments towards leptonic CP-violation

AFraction of 3,in 35: q,5
AMass hierarchy : sign ofDm? ,
ACP violation : sind

ABeyond g, Physics will be presentedi n P. Huber 6s tal k

T. Lasserre 09/11/2009 20



Over-Constraining
the Parameter Space



Opera @CNGS

AChannel not yet observed :N,- N, search
ACNGS Beam at CERN; beam: 450 GeV protons, 20 GeV p - mypeak
ADetector: Tau topological ID with 1.25 kt Emulsion Cloud Chamber at LNGS

ABaseline = 730 km (osc. max~1.5 GeV)
ANo near detector (low background appearance search)
ARunning now for a second year

% 03

0.15
v fluence o
[}
0.1 {

OOSJJ
7‘1-“_“"_‘—" e
0 > —o- |

0 5 10 156 20 25 30 35 40 45 50
E (GeV)




Opera @CNGS

n,- N, search
Expected signal

tdecayl BR | Signal U(DM?)? | Background

channely ©0) (o5) |Dnp =25x 1 ev2 )

t- pw| 17.5 17.7 2.9 0.17

t-- e | 20.8 17.8 3.5 0.17

t-- h 5.8 49.5 3.1 0.24

t-- 3h| 6.3 15 0.9 0.17

ALL | I X BR =10.6% 10.4 0.75 Emulsion layers

Full mixing, 5 years run,

4.5x10° pot / year target mass = 1.3 kton

Near term expectation: 4.3 events by end of 2010 (with ~10%° p.o.t)



13

SRR AL AL AL 888 20 dddbdibd

o
%
g gIM 4 = 2.5.10 V2
=
N—r”

;
1
|
|
1
1
|

3, 84 |UulP 3088 |UGP




S I IRMECIEREWSIENEE G

A3 flavor analysis

Global * Solar

68.30% CL 68.30% CL
£l 95.00% CL 95.00% C ASNO Combination:
Bl %073% L. — %9.73% CL ASNO LETA paper 2009:
KamLAND ASNO LETA joint-phase fit

=== 68.30% CL

ASNO Phase Il
Aall solar expts
AKamLAND

ABest fit
Asin22q,; = 0.08 0 0.07

AConstaints

Asin22q,, < 0.24 (95% C.L.)

Almost no improvement on d,; (global fits A weak positive fluctuation)
T. Lasserre 09/11/2009 25



S The Current Central Role of d,,

Ad,, is the last neutrino oscillation parameter to measure
Ady, & 4> > ;4 aguideline for oscillation models |
Almprovement of mass parameters (m,, mg J & astrophysical sources

AT h e, aaliest is an mandatory step prior searching for CP violation in the
electroweak sector. Branching point around 2015:
Asin?( 243 002A conventional nBOts i nbbeamt &
Asin?2( 2,4 d 0.02 A neutrino factories (WA 3 ™XrA e + 3, pure b

AExperi mentall y: n e gfl@votrevithctioensolatedtneutrince(q BY,,?)
AL~1 km, E~MeV reactor neutrino experiments (Double Chooz, Daya Bay, Reno)
ADisappearance expt. ;
Ad,onlyA @l eanb
AL~1000 km, E~GeV accelerator experiments (T2K, Nova)
AAppearance expt. ;
A(dys, N H/-4) M corrélations & degeneracies

A Complementary projects (absolutely needed)

T. Lasserre 09/11/2009 26



& @Beam: Underlying Oscillation Physics
P(38 B 3e):

Neutrino Beam Target/Horn

é.- * -
P(‘?’s B 3e):®. Uep
@i

AComplex oscillation formula

C depends on sin?(2q,,) , gIM,,2, sign(gam,,?), U
A>> MeV muon antineutrinos C appearance experiments ¢ Corrrelation &
C sin?(2q,5) measurement depends on d-CP degeneracies

A>> MeV neutrinos + 100-1000 km baseline A matter effects]

) 27
C sin?(2q,3) measurement independent of sign(Dm?, ;) y,



The electron appearance channel

. Ami. L
4cfy 57,55, 5in® —=

¢z driven

4E
o 2 ) . Am&L . Ami,L . AmiL
—3f-'313fr'1251;==‘fz;=kfflzf3z;:f'ff-¥f.’—512513523)(1}.‘:‘. 1E sl 1E sl 1E CP — even
a2 .-'lmg;;L . .ﬁmi;b . Am?é, L o .
— 801301202381 2813523510 0 SN I Sl E sin v, CP —odd
2 o2 .S.TH';"EL'

Ami. L . AmA.L o
&fﬁfﬁﬁﬂm igf sl J;E]f fgl ..:ru) mattereffect (CP odd)

4FE

Beam experiment very efficient to detect 3, appearance BUT

informationon sin?(2q,;) di fficult to ext

T. Lasserre 09/11/2009 28



 — MINOS Electron Appearance Results

AChannel : n: n,

AGoal : Search for an excess of n,in the Feg

detector (735km)

ATwo years of data-taking

AResults

A35 events in the Far Detector
ABackground prediction of 27 %jstat)
AO2(sys) based on Near Detector
A1.50 excess of events

A90% CL upper limit range
Asin?2(2q,5)< 0.28-0.34 (NH)
Asin?2(2q,,)<0.36-0.42 (IH)
ACP-phase dependent

No improvement with
respect to CHOOZ

NC Event 3 eCC Event

/ 3.14x10° POT
/
’ 2 - —,
// sin“(20,,) _‘1.0
A m,| = 2.43x10° eV?
( - Best FtAm?’>0 |

=+ BestFitAm®<0
\ = 90% CLA m?> 0
\

—90% CLAM? <0
\ CHOOZ 90% CL

0.4 0

o PRELIMINARY -
sin“(29,,)



eSP T2K (Tokal to Kamioka) @JPARK

ACCQE:3+nA p+1I

AChannel: n- n, (1st goal: search for non-z e r @, behm contamination, NC-1" o)
AChannel: n: n, (sin22d,@ 1 % &,,@ 2%, single pion production)

K2K pionner program
(sin’2 ¢ &  cBgy)

ABeam Setup:
A750 kW Off-axis beam (2.5°)
AQuasi-monochromatic 3, beam
ASmaller intrinsic 3, contamination
AReduced high-E non-CCQE backgrounds

AFar Detector at 295 km: Ready
ASuperK with 12000 PMTs & new electronics

ANear Detector at 280 m:
AOn & Off-Axis detectors (Ingrid & ND280)

]C)ff-axns detector

Target R _ -
&Horms Decay-p_ib_é = ‘I{)n-axls detector (INGRID)

Muon monitor Near Detector

% _—
Om 120 m 280 m 295 km
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e T2K @JPARK

N N, sensitivity after 5y at 0.75 MW

ABeam Status:
AComissionning since 05/2009
ASubsecant power increase
20 o e ARep rate @30 GeV
ormal Hierarchy 111 ALINAC from 181 A 400 MeV

ANear Detector Status:
Alntegration started
AReady by by mid-2010

AExpected sensitivity timeline
APhysics run in 2010 collecting
100 kW x 107s (2 x 1020 POT)
A sin?(2q,3)< ~0.06 (U=0)
e e AProposal: 3750 kW x 107s
S;IIE)Z 26,, sensiti1\?ity A Sin2(2q43)< ~0.01 (0=0) _
ACorrelation & degeneracies




— Reactor Neutrino Experiments

Experiment Size &Power Channel
Double Chooz 10m3 . .8.6 GW (2) S e
Reno 350/ 1.4 km 20m®  164GW(6) N, - N,

Daya Bay 400/ 1.7 km 100 m®  17.4 GW (6)



&0 MeV Reactor Neutrinos

AElectron antineutrinos Emitted through Decays of Fission Products
A FP of: 235y, 238, 239py, 241py

Azggu +n- SUVTEE- 2Npe¥B- “Pu

# of fissions

ALuminosity

N- = gl+Kk)P,
g reactor constant

K : burn up dependent correction
up to 10%

1G\Nth U 2_]_0203 / 200 300 400 500

Time (days)

ty: ~3.5% 235U, 96.5% 238

T. Lasserre 09/11/2009 34



&0 @Reactor: Underlying Oscillation Physics

PBc- 3¢)=

?*U+n, - X+Y- b- decay

3
e 2E : g
Taget H
e.a _m evHl m Q Cp )
eS % 27 njt 8 nﬁ I
@i u é ¢ E ey + njtm

ASimple oscillation formula A
C depends sin?(20,5) & g2, weakly on gqam, 2

AMeV electron antineutrinos C only disappearance experiments Oc | €[1§ n o
C sin2(2q,5) measurement independent of d-CP Information

AMeV neutrinos + 1 km baseline A negligible matter effects O[104] -

C sin?(2q,5) measurement independent of sign(Dm2,,) J

NS



Improving CHOOZ: key facts

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

Statistical error

Luminosity incerase: L = Dt X P(GW) X Nryqet 1

Double Chooz

Target volume 10,3 m3
Target composition 6,55 1028 H/m3
Data taking period 3-5 years

Event rate

Far: 40000 / Near: 500000 (3y)

Statistical error

0,5%

Systematic & Background errors

- Two Detector Concept Syst. error Double Chooz
- Improved detector design: Reactor
Lower threshold, e+ and n_ Eff!C|enC|es_, Call_bratlon Target H 0.2%
- Lower Background: Shielding, Radiopurity —

efficiency 0.5%

T. Lasserre 09/11/2009
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=) The experimental concept for d,,

Lev Mikaelyan (Kurchatov, 2000)
P(n- n.) = 1-sin?(2q,5)sin?(Dm?;,L/4E)

7000
et spectrum
Far Detetector
:é 4000 f .
U,%' '1 2 3 4 5 l '.'_ o . 1.\-‘

Dm?,,..= 3.0 16 e\?

atm

Nuclear Power Station Near detector(s) Far detector(s)
<500 m 1-2 km
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