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Our standard picture of neutrino oscillation physics

Some recent results

Approved experiments about to run

Future experiments that we dream about at night




Neutrinos Change Flavor in Flight

Implying that neutrinos have mass

Atmospheric Neutrinos (1997) Solar Neutrinos (2001)
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Number of Events

Neutrinos Change Flavor in Flight
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Implying that neutrinos have mass

Confirmations: MACRO, Soudan 2, K2K, MINOS, KamLAND,

with high precision by MINOS and KamLAND
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Confirming and Measuring Neutrino Mixing

CERN
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plus an important constraint from
the absence of (detected) effect:

| systematic uncertainty 2.7%

+
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No evidence for reactor neutrino disappearance over ~ 1 km



The Neutrino Matrix
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Neutrino flavor mixing
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The Neutrino Matrix -- Expanded
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Global Fits to Neutrino Data

arXiv:0812.3161 Maltoni and Schwetz
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What we know
(and don’t know)
about masses:

Ams, =24+03x107 eV’
Am’, =77+02x107 eV’

m, >m,

maybe ... Hierarchical
normal ordering (2-3)
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What we know
(and don’t know)
about masses:

Ams, =24+03x107 eV’
Am’, =77+02x107 eV’

m, >m,

maybe ... Hierarchical
inverted ordering
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What we know
(and don’t know)
about masses:

Ams, =24+03x107 eV’
Am’, =77+02x107 eV’

m, >m,

maybe ... Degenerate
normal (or inverted)
ordering
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What we know (and don’t know) about angles:

+1.2°

0,=339"2
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The Experimental Program
for Neutrino Oscillation Physics

Observe all predicted effects:
oscillation pattern, tau appearance, matter effects ...

Constrain non-standard effects:
sterile neutrinos, neutrino decay, decoherence,
MaVaNs, LIV, NSI, CPT violation...

Refine measurements, especially: is 0,5 # 45°7?

Measure 0, — is it greater than zero? upcoming generation

of experiments

Determine the 2-3 mass hierarchy* . .
. . uture generation
Measure phase 0 — seek CP violation being planned

* possible with upcoming NOvVA experiment under some circumstances



Am? (eV?2)

observe all effects!
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no spectral distortion
or day/night effect has
been observed by one
experiment

Keep eye out for final
SNO low energy analysis



The NuFACT Connection

(Upgradable to 2ZMW)

PROJECT X

NEUTRINO
Muon FACTORY
Collider PROJECT
Rebunch R&D Hall
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** Observe all predicted effects:
put— et [ pm — e r, detector
U, — Uy Vy — Yy disappearance |
U, — Ve Vy — Ve appearance (challenging)
v, — V; v, — vr | appearance (atm. oscillation)
Ve — Ve Ve — Vg disappearance
Ve — Uy Ve — Uy appearance: “golden” channel
Ve — Ur Ve — Uy appearance: “silver” channel

also, excellent at resolving degenerate solutions
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Borexino

neutrino-electron elastic scattering, goal is 862 keV "Be line
extremely low radioactive contamination
278 tons, 100 tons fiducial of scintillator doped mineral oil

— Fit: y%?/NDF = 185/174

—— 'Be: 49%3 cpd/100 tons

~— ?YBj+CNO: 23%2 cpd/100 tons
— "Kr: 25%3 cpd/100 tons

=~ 11Cc: 25%1 cpd/100 tons

pU—— llc lOc

Stainless Steel Sphere
Nylon Outer Vessel
Nylon Inner Vess«
Fiducial volum:

External water tank —

Steel plates
for extra
shielding

107t
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Survival Probability

Borexino Oscillation Result

MSW-LMA prediction
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Excess Events / MeV

Mini-BooNE

L = 540 m (10x LSND)
E = 500 MeV (10x LSND)
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Mini-BooNE excess”

no evidence for LSND-like oscillation at 1 GeV? scale



v, =V, appearance limited < 2.6%

Neutrinos and Anti-Neutrinos

MINOS: unique ability to measure +charge

Is Am?2 = AmZ? 42 events detected, 58.3+8.4 expected
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statistical sensitivity from different fluxes, cross sections



om? (107°eV?)
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MINOS

Fermilab-Soudan, 735 km
5.4 kton far detector, 1 kton near

2.54 cm thick steel plates (1.4X,)

1.2 T solenoidal magnetic field
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EM Showers in MINOS
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MINOS First v, Appearance Search

Far Detector MINOS PRELIMINARY
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Observed: 35 events

Expected background: 27+5(stat)+2(sys)
1.50 excess
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Super-K Atmospheric Neutrinos

Multi-GeV 1-Ring e-like

200l Multi-GeV Multi-Ring e-like
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Precision Reactor Experiments

P=1-sin’20,sin°Am;, LE cos* 013sin226125in2Amf2ﬁ
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build nearly identical detectors with nearly identical efficiency
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Double Chooz and Daya Bay

Double-Chooz 90% C.L. Limit versus year

Far + Near 1.5 year later

0.04 -

0.02

Nearonly - - - - -
Near and Far simultaneously ------

0 1 2 3 4 5
Exposure time in years

Double Chooz (France):

e 2 x4 GW reactor cores

¢ 50-300 mwe overburden

¢ 0.3/1 km baseline

e Existing infrastructure — early start
e 2x10 ton modules — fixed

e Goal of 0.6% systematics

* Reach sin?26 ~ 0.03

e Start: early 2010 (far detector only)

Daya Bay (Hong Kong):

® 6 reactor cores, 17 GW total

¢ 200-1000 mwe overburden

¢ 0.3/1.8-2.2 km baseline

e Construct tunnels and labs (above)
e 8x20 ton modules — moveable

* Goal of 0.36% systematics

e Reach sin?20 ~ 0.01

e Start: 2011 (also 2 new cores then)
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Three Flavor Neutrino Oscillation in Matter

Plw, —ar) £ T3 sin? 2603 — Tharsin 2015 + Taa sin 2613 + Tya

21— 0)a) 0= oo
Lo, sin®[(1 —x)A) = A2
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13 = cosocpsin2fssin 26y cos A El ) |
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solar T4 = COS2 923 Sill2 291-2 (2 )

£

A = Am3,L/AE r = 2V2GpN.E/Am3, = E/12 GeV

matter effects: for anti-neutrinos, sign of X and sin 6Cp is changed
hierarchy inversion also exchanges rol of anti-neutrinos and neutrinos



2.5 degrees off-axis from J-PARC beam
295 km baseline
E~ 0.75 GeV narrow band

22.5 kton Super-Kamiokande far detector; hybrid magnetized near detector at 280m
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0.8° off-axis from NuMI beam

.LL\LLL 0.4-0.7MW
15.5“,;‘%,’ 810 km baseline
Far E~ 2.2 GeV narrow band
Detector
Near ~15 kton totally active detector
Detector 222 ton matching near detector
g— _ _— *  Planes of liquid scintillator
Sl *  (mineral oil) read by WLS fiber
1 . - * and APD
= . Surface detector with small
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4cmx6cem cells



TgK and NOVA Sensitivity
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Sensitivity around 1% appearance probability.



ls 0,5 Maximal?

Both experiments also excellent for Am?,; and sin?20,.,.

Sensitivity Contours (15 kt*36E20 POT)
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Resolving the Mass Hierarchy

Matter effect enhances v, appearance for normal hierarchy
Effect is reversed (enhanced anti-v,) for inverted hierarchy

\ o T2K | NOVA
10%: || 10% 1’ \
o [ ; [ bigger
| ) i U
A BT L !/ |
600 MeV dm?,,=2.5x102 eV? sin?20,,=1.0 2.3 GeV
290 km 8m2,,=7.1x10°5 eV2 sin228,,=0.81 820 km

sin220,,=0.16



NOVA and Mass Hierarchy

Values of d¢p for which hierarchy is resolved at >95% CL

8(x)

normal hierarchy. sin?20,,=0.08
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+ o = - T 1 1 1 ] 1 1 1 1
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"""" 1
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[ am =24 107V L il
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i | | 1 ! \ ! | | ! ]
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- SN | S| e 2K Ve
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combining
T2K, Double Chooz, Daya Bay,
Chooz limit and NOvA



NOVA and T2K: construction progress

= cT \

first beam spot
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The quest for 0,5 - circa 2012

¢ Double Chooz adds second detector

*»* Daya Bay reactor experiment has early results
*** T2K long baseline experiment is midway

** NOVA (U.S.) experiment will start data taking

If 0.5 > 2.9° (Pappear 2 1%),

we can contemplate going after .
CP VIOLATION

P(v, =v,)=Pv,—=Vv,)
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Three Flavor Neutrino Oscillation in Matter

Plw, —ar) £ T3 sin? 2603 — Tharsin 2015 + Taa sin 2613 + Tya

) Am3,
, sin” [(1 — x)A) @ = 2
T, = sin®6yy ([;L—.r)Q | Ams,
o , . osin(zA)sin (1 — 2)A
CPviolating 715 = sindcp sin 2604 sin 2053 sin A (@) E(l )) |
£ — &
. o , sin(zA) sin|(1 —2)A
CPconserving T, = cosdcp sin 26y, sin 265 cos A (z4) E(l )) ]
X —
.
, sin“(xA
T4 = COS2 923 Slll2 2912 ( )

72

A = Am3,L/AE r = 2V2GpN.E/Am2, = E/12 GeV

for anti-neutrinos, sign of X and sin 9, is changed



CP Violating Neutrino Oscillation

0.3
0.25
0.2
0.15
0.1
0.05

Neutrinos

0.3
0.25
o 02
20.15
& o1

0.05 Anti-Neutrinos

O ‘.‘ aaJdu s a Jd a s s e d e s s Loy
0O 0541 15 2 25 3 35 4

CPV effect 3x larger Neutrino Energy
at 2" maximum than 15t

delta= O

L =1000 km

Neutrinos and anti neutrinos
reverse places with neutrino
mass hierarchy.

Difference is greater for longer
baselines (matter effects)

To measure these
two probabilities,
need large

statistical sample
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* Measure both first and second maximum

* 270 kton + 270 kton fiducial mass
* Eliminates many degeneracies
 Controls systematic uncertainty.
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Spectrum at Kamioka
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FNAL - Homestake (S. Dakota)\,;
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¢ In post-Tevatron era, Fermilab’s long range plan is converging on the high intensity frontier.
+ The flagship project would be a new 1-2 MW beam towards DUSEL .

¢ Unique feature is longest baseline being considered (1300 km).

+ 60 —120 GeV protons fed by Project X.

+ 300-500 kton Water Cherenkov and/or 20 kton (or larger?) LAr TPC.




Water Cherenkov vs Liquid Argon

Existing Drifts
Lab Modules
20m x 20m x

/' New Drifts<_

Neutrino Detector

Access Drifts . ‘
10m X Sm " RMILAS Juiy 15-18, 2009 FASSIVE INSULAT) :n-;n ANUED FOAM / PERUTE) Frinco Sarglamnpior!

Ross Shaft

8m x 5m

planning is getting underway
a lot of R&D is needed

there are good reasons to build both
there is also invaluable non-accelerator physics: supernova and proton decay



Example: WC vs LAr (Background Event)

proton
J'EO

Y1

691 MeV/c

a™s
1442 MeV/c i
1204 MeV/c TR

245 MeV/c

Sensitivity studies suggest a factor of 3-6x
in equivalent mass for LAr over WC.



FNAL-DUSEL Water Cherenkov
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FNAL-DUSEL Liquid Argon
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It is assumed that NC BG is completely removed for LAr.

Remains to be demonstrated!



FNAL-DUSEL Sensltlwty

3-1802 v +v, 300 kt WCh 3. Z v +v, 50 kt LAr
“ [ 60460 10°°PoT “ [ 60460 10°°PoT _
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30, 50% 8, 0.015

Sensitivity to CPV: > 50% 0-coverage (30) for sin?20,, > 0.015
- 3+3 years running
- BG uncertainty = 5%; assume perfect BG rejection for LAr (80% signal efficiency)



I In summary:

A standard picture of 3-flavor neutrino oscillation exists.

Numerous experlments are poking and proddmg at it now.
Viore beyond are beﬂnﬁ built and proposedﬁ.uq
\Ne shoul ok tfg;r every feature we ex tg, o
.. and kee ux eyes out for the unexpected =

The critical pararneteﬁ's,m 0. y'which wil be"explo"r-edrto
' 3.an -0scillatigh appearance Ievel of 1% over the next 5 y'ears

— = —

0, is lar genough, the gateway is opened ?;for CP violation.
2




T2KK Sensitivity

CP violation ~OA =1.0

T

Mass hierarchy
ST T T T T T T T T T T T T T T T 1 LB -S4
10

1
— 10 F -

L V —— 4

F. Dufour NOW’08

Sensitivity to CPV: > 70% 0-coverage (30) for sin?26,, > 0.01
- 10 years running
- 15 systematic uncertainty terms, most = 5%; 20% in normalization > 1.2 GeV
- CPV reach insensitive to angle, but 1°OA quasi-WBB benefits hierarchy study
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FNAL-DUSEL Precision
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Degeneracies and CPY

T2K 0 <

10%_ . . 0/ 10

i . >~_inverted 10%
- > ’

- * N\

o Sa x&\ormalk ,
‘: B > 5 3

2 SRR
veg s — 5% G}?é f@/, ~ - g 5
24 Of ; P
, 5% 1

—

Neurno Probabsliy (%)

e

Prat+ V(7)) = ve(P.)] = £ cos 20,3 sin® 20,355, (

a(x) = \/ﬁGF!\T(,(;I?)

a(x)L

F

NOVA

‘.
/
0/
QN *
N /7 +
%, 0

D oy

|

.9 ‘ 2 .
sin” 20,3 cos 26,355, sin (

1 l | |

Newrino Probabily (%)

——— | sin
2
Ami,

Ami, L
2F .

2Ba(x)\ . , (Ami,L
1E



