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ASuper-K (atmospheric)MINOS (accelerator)
T2K (accelerator)and others

AMeasurementstill rolling in (see later).
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Recent prize:—; x

. _ _ a bit of ’ [?

ALast mixing angleto be bracketed. Previously just
known to besmall relative to—,, —;

AReactorexpts usinginverse beta decay:.+ p- € +n
prompt € signal, delayed tapture signal
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—Bfrom reactor measurements

C _ +0.008
Multiple detector sites§ detectors in totaltate+shapesignal extraction.
Best precision for this generation of experimed® py end o2015.

Double Chooz sin?(2—;) = 0.097+ 0.035

FD only so far, ND running to start this year.
Recent update:-&d, n-H captures and reactor rate modulatidmckgndcontrol)

RENO: sin2(2—,) = 0.100+ 0.018

2 detectors, rateonly analysis so far. DayaBay data as example.
7% measurement by end2015 Deficit consistent with oscillations.
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Long-baselineexperiments

A—>0+ NO' A, T2K, (MINOS) can probe
mass hierarchyj , —; octant

Also: |IDmzZ,|, sirf(2—,),’ I’ comparisons,
steriles, NSlI, cross sections, supernova

A LBL experiments with different goals:
OPERA (' ;appearancdoF, €& )
ICARUS (LAr R&D, ' ; appearancesteriles e )

Have to | eave out f or t

T2K (Sliper-K) S

A JEOBIRER P v s
Faaa Rt
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Lake
Superior

Lake
Michigan

Madison

Fermilab to Soudan,735km

Near and far detectors:
Steelbcintillator magnetized
tracking calorimeters
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New in2013 Full MINOS data set combined in3-flavor fit
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A Confidence intervals in a portion IDm3,| precision = 4%
of parameter space DmzZ, / IDmz2,| = 3%
(—z and CP phase marginalized t 2 approximations
out for clarity) are behind us
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: sterile’_signature at MINOS+
Medi um BuMé rz| ]
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NO’ A " NO A Far Detector, (Ash River, MN)
& IL\I\/IINOSI:ar\‘__MQfethcI@r(Soudan MN)

A broad physics scop
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NO’ A detectors A NO A cell

To AP
Extruded PVC cells filled wit DN
11M liters of scintillator

iInstrumented with
_-shifting fiber and APDs

H
o1
(@)
(@)
(®)
3
R 14-kton, fine-grained,
“2n, low-Z, highly-active
tracking calorimeter
32-pixel APD O 360,000channels
Fiber pairs Neardetecta_ff
from 32 cells 0.3-kton version of 4cm 6cm
— the same

O 18,000channels
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NO’ A installation near completion.
At right: cosmic event in partial FD.




Example NOvA contours, 3+3 yr
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Long baseline- hierarchy sensitivit

At ri ght Ndeegren

Hierarchy and] information s

now correlated.Octant
preferencestill established.
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Example NOvA contours, 3+3 yr

. 7sin22913=0.095, §in°20,,=0.95, AM*>0, 8,,>7/4, §=n/2
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At left: ’. CC disappearance
(maximal and nommaximal
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Probe down to1% non-max. mixing
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T2K

A Tokai to Kamioka (295km)

A Neutrino beam from JPARC

A Existing far detector: SuperK

A INGRID and ND 280near detectors
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AFirst conclusive observation 7.3, ) of ' .- ' _appearance
Consistent with ; (reactor) disappearance results

) K. Abeet al.(T2K)
AOnly 10% of eventual data set

arkiv, 13114750

- R : e 1F N\ ]
An S h 029%km baseline: = [ -
. . o r N
Important role in global fits 03¢ B
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A’. CC channel: a 68% CIL. -
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(First results out) - PDG2012 lorange
—————————— gl | A S S
= 3 B —¢— Data ] E 1 C | l | | | ]
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Neutrino mass

A Cosmological observations sum of neutrino masses.
Best limits so farSm, < 0.2-0.6 eV

At -decay kinematic measurement effective electron neutrino mass, a. k.
2 2 92
mg =Y |Ueil’m;

A Q011 decay process (iMajorana-’ -mediated)- effective massn ; :

= |30 Udm 2

Kinematic measurement n P
| 10| entire spectrum 3 / region close to endpoint
8 S/ e
8 /08 ’
& os g/ 0 T T
§ 206 m(ve) = 0 eV
0.6 / )
o /
® / 04 / I
0.4 [ only 2 x 10713 of
/ 02 decays in last 1 eV
[ interval
(vo)=1 eV i _
0.2 0 : e
o Ll | | l /_/// 3 2 1 0
2 6 10 14 18 n p

Electron-energy E [keV]
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KATRIN

A Only current kinematic * mass experiment
(several others in R&D phases)

A Largeelectrostatic filter 9§
forf spectrometry < s - spec "
A Partial loading this yeafull trititum run in 2015

spectrometer en route to Karlsru

5, reach formr =0.35eV

O =N Wk 1O N
AL ARA M AL AAR IS AL A}

Discovery potential (o)

0 0.5 1 15 2 25 3
Full beam time (year)
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011 Many ...experiments ExampleO'T 1 signature .
. 30 :
...techniques 2.0- oL S
1 9 U =
...isotopes : S5
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K./Q f\n) %
<
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T T T — /I\ (;E
0.2 0.4 0.6 0.8 1.0 -
K./Q
Chimney
Corrugated Tube
Film Pipe
— Suspending Film Strap

_~ Photomultiplier Tube

KamLANEYen :
Xe-LS 13 ton KL At H] |
RSB F muon
O'uter LS“\\\\\\\ "\ N ‘l ]1 ; ;; }A’J’r“:}j/:;’ ..,\ O.utel_ Ba]_loon
1 kton _ (13 m diameter)

™\ Inner Balloon
(3.08 m diameter)
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Experi ments funded, under cons
Experiment Location Isotope Technique

CUORE LNGS 130Te bolometer
EXO-200 WIPP 136X e liquid TPC N early results below!
GERDA LNGS 5Ge lonization
KamLAND -Zen Kamioka 13%Xe liquid scintillator N early results below
Majorana SUSEL %Ge lonization
SNO+ Sudbury  1°9Nd,13%Te liquid scintillator
10— 7770 >
Controversiabbservation clainfKK et al., - / 17 0
Phys Lett B 586, 198(2004) now refuted by i 153
EXO-200and KamLAND -Zen resultsfor any . / 98
available matrix element calculations - e 0
=) NA
e i | N £
8E : 2 107 S E 122
= N O'Tf window . AEE ¢z
3 B EXO-200 < T 1N
‘E 4; E - I 7 . ;U 2 -0 T
= B ; g AN ER |
s E : g AN E
2 y | [ M O
E _— i Lo \ \ T T I
P T N + + | | 10214024 10% 10%
00 2200 2400 - 2600 3800 3000 3200 136
energy (keV) Ty, " Xe (yr)
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T TEreT LR AL P rrrrm T T T

Matrix element calculations
lead to large uncertainties in
m, (factors of 2 or 3).

| T T 0 1 CJ e

MY O T W 1

Approx. reach of current
generationexpts

—
|
—
| I T O |

N

10~
Possible SNO+ reach: nov
130Te loading method
(3% loading!) 1073
Into inverted hierarchy range

B O T TN

T T TTHITH
| R

99% CL
(1 dof)

= i _
10 1 Lt Y L1 R EITI =

104 103 102 10°! 1

lightest neutrino mass in eV

Multiple techniques, isotopes essential.

It will remainunclear for some time which approaches!
survive through IH and into NH territory.
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LSND, MiniBooNE . reactor,’{Ga anomalie

A In mid-90s, LSND reported’.©’ _ signal V4l T
Incompatible with 3-* oscillation picture (3.8,,)
A Sterile neutrinos? (Need multiple sterile states to AT,
accommodate all of todayos dat a. )
A Many null results since(KARMEN,Bugey SupeK,
MINOS, ICARUShutnone completely cover V3 I 5
LSND allowed region in3+1)-’ parameter space FAMG,
Vo I
6.5e20 POT neutrino mode w/ 3+1 fit v1_:f sol
E_ “0 :_l S :D;m‘mtl‘l o I_: Bve WY OV [OVs
*g i I:|\=,froml(:' ]
: 2ol T SiEr
. | = | MiniBooNE:
15 + S e seemor ] DESIgnedo cover LSND allowed region
: ==-==-=: Best Fit 1
1.0 ; _______ 1 First result:No evidence for oscillations
1 Second result_ower energy threshold, excess
05 b= 1 seen at low energy (not a great matchdo)
1 Third result (with antineutrinos)Similar excess
0'00.2 04 06 08 10 12 14 3.0

ESE (GeV)
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A Also: new reactor flux predictions suggestexplained deficit in past reactor data
A Also: gallium solar experiments seaexplained deficitin * , calibration runs
Will need future experiments with Haetector
L, E signatures to resolve all this.

A Meanwhile for MiniBooNE low-E excessMicroBooNE
- 70-ton LAr TPC: distinguish electron or photon sourceMihiBooNE excess
- Construction wetunderway afFermilab Operations this yeatr.

Lowcharge BB T High charge

2000
1800
1600
1400
1200
1000
800
600
400
200
%

5-:
£ %

S
=
o
3

o 85888888

00 120 140 20 240
Collection Plane Wire

: (event display from earlier
MicroBooNE ArgoNeuTLAr TPC)
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V4

Had to skip entirelye

A’ -nucleus scattering{many experiments!)

ACosmological/astrophysical (many experiments!)
e.g.,l ¢ e C uarentadstection 028 neutrinos above80 TeV
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Extras
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Osclllations

[(vglva(L )>\2
— 5a5—4Z§R

1>7 1

+22£‘§

1>

Pvo — vg) =

-

* UgiUa; U@m 1.2/ Am2 L/ E]

i
UmUa:,Uﬁ})sm 2.54Am?,

-

-

/

‘ L]
g ~\
/ \

Am? L/ E)

e’

ANeutrino flavor oscillations i access tdJy,,s and’ masssquaredsplittings

Aln past decad@henomenon confirmedand theexture of’ mixing extracted:
AExperiments usingolar, atmospherlc reactor, and acceleratosources

Sun, imaged with

Cosmic rays
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—,0 the great facilitator

A Non-zero—; definitively established;Daya Bay with most precise value:
Sin(2—r,) = 0.0907 3538

A Makes feasiblelongp asel i ne measurements of é

neutrino mass hierarchy
Potential implications in0’f f data andMajorananature of ; approach tan ;
cosmology astrophysicstheoretical frameworkfr mass generatioguark/lepton
unification; Is the lightest chargddpton associatedith the heaviest light neutrif?o

CPphasé
e : cosmologicabaryon asymmetrihrough seesawleptogenesisfundamental
guestion in thé&tandard Modeli(e., is CP respected by leptons?)

' ° flavor mixing
é :1Is’ ;more strongly coupled toor T flavor?; frameworkdor massgeneration,
guark/lepton unification
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Double Chooz
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FIG. 5. Mllustration of the short baseline reactor antineutrino anomaly. The experimental results are compared to the prediction
without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron mean lifetime, and the
off-equilibrium effects. Published experimental errors and antineutrino spectra errors are added in quadrature. The mean
averaged ratio including possible correlations is 0.943 £ 0.023. The red line shows a possible 3 active neutrino mixing solution,
with sin? (2013) = 0.06. The blue line displays a solution including a new neutrino mass state, such as |A-mf,e“_.,R| > 1eV? and

sin®(20new,r) = 0.12 (for illustration purpose only).
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