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The three-flavor paradigm
Where are we now?

Results from accelerator-based experiments
Where do we still need to go (and why)?

Remaining 3-flavor parameters
Mass hierarchy strategies
CP § strategies

Hunting down anomalies...

Overall summary
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We now have clean flavor-transition signals in two 2-flavor sectors
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We now have clean flavor-transition signals in two 2-flavor sectors
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And now more information from beams and burns!
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And now more information from beams and burns!
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Atmospheric neutrinos

The neutrinos are free, and have
a range of baselines & energies

.. but they do what they
damn well please

cosmic ray (p)

Clear Vy
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Taming the source to confirm & study oscillations
with long-baseline beam experiments

1.27TAm?L
P(v; — v,) = sin” 20 sin” ( ram >

B

E ~ GeV, L~ 100's of km for same L/E

Oscillation probability at 250 km

Compare flux, flavor and
energy spectrum at
near and far detectors
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How To Make Tame Neutrinos

accelerate
protons

v

p

slam them
into a
target

focus mesons
(mostly n’s)
forward

with magnetic
horn(s)

let the ©’s
decay in a long
decay pipe




Long-baseline beam experiments

Past Current Future
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Long-baseline beam experiments

Current Future

FNAL to Ash River

MINOS (+

FNAL to Soudan 810 km, 700 kW
K2K 734 km, 400 kW - .3
KEK to Kamioka g 5
250 km, 5 kW

CNGS J-PARC to Kamioka
CERN to LNGS 295 km, 750 kW
730 km, 400 kW




Long-baseline beam experiments

Past Current
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Long-baseline beam experiments

Past Current
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MINOS

in US making
precision
measurements

of v, disappearance

of u-like
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And new v, disappearance results from T2K
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Is the disappearance v, = v, ?
Hard to see

~1 mm
decay 4
length
v, v, ' t’s explicitly:
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3.5 GeV multiple decay modes
Hadrons
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The “last” mixing angle 0, ,:
‘the twist in the middle'
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Strategies for going after 0,

A ™.
Oscillation probability at 295 km
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The long-baseline beam approach:

0,; signature: look for small v, appearance
inav, beam

Oscillation probability at 295 km
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Hard to measure... known from the CHOOZ reactor
experiment that it's a small modulation!
Need good statistics, clean sample



Excess of v, -like events seen in T2K,
consistent with non-zero 0,,

Reconstructed events
after all v, cuts

Super-Kamiokande IV
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T2K allowed region
in sin%26,,
and CP 6

Best fit w/ 68% C.L. error @
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A slide from December 2011:

We’'re closing in on the answer...

REACTORS




We now know that 0., is large!
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The three-flavor picture fits well

Global three-flavor fits to all data

Free Fluxes + RSBL

bfp *1o 30 range
sin? 015 0.30212-015 0.267 — 0.344
012/° 33.367 0 55 31.09 — 35.89
sin? a3 0.413700370.594 10025  0.342 — 0.667
023/° 40.017 ® 50.4175 35.8 — 54.8
sin? 613 0.022719-9923 0.0156 — 0.0299
613/° 8.667015 7.19 — 9.96
écp/° 300795, 0 — 360
Amg1 +0.18
TS 7507015 7.00 — 8.09
Am%l +0.070
TERSTE (N) +2.47310-070 42.276 — +2.695
Ams, (I) —9.427+0-042 —2.649 — —2.242
10-3 eV2 241l _0.065 . .

M. C.

30 knowledge

~14%

~42%

~32%

~no info

~14%

— ~17%

Gonzalez-Garcia, M. Maltoni, J. Salvado, T. Schwetz, 10.1007/JHEP12(2012)123



What do we not know about the
three-flavor paradigm?

Free Fluxes + RSBL

bfp £1o 30 range
sin? 612 0.302190-815 0.267 — 0.344
012/° 33.36 7 0% 31.09 — 35.89
sin? @3 0.413199370.59419-221  0.342 — 0.667
f23/° 40.07% 1 ©50.4713 35.8 — 54.8
sin® 613 0.022719-9022 0.0156 — 0.0299
613/° 8.667015 7.19 — 9.96
écp/° 300795, 0 — 360
Am%l +0.18
TR 75070 15 7.00 — 8.09
Amgl +0.070
T (N) +2.47310 060 +2.276 — +2.695
Amgz +0.042

Is 0.,
non-negligibly
greater

or smaller
than 45 deg?

basically
unknown

sign of Am?

unknown
(ordering
of masses)



Why do we care about these parameters?
Is it just a checklist?
What do these parameters tell us?

«ll AT&T 3G 9:58 PM

To Do

Completed
Theta13

Mass hierarchy
Theta23 maximal?
CP delta

Absolute mass

Majorana or Dirac?
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Non-zero CP violation, could, in principle,
inform us on leptogenesis in the context of
see-saw heutrino mass models

(or maybe not...)









But what it’s really about is
testing the paradigm...

We need not only to fill in the missing parameters,

but make precision measurements of all the parameters




Next on the list to go after experimentally:
mass hierarchy

(sign of Am?;,)
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There are many ways to measure the mass hierarchy

They are all challenging...



Atmospheric neutrinos

-
7 Supu\

/

Supernovae




Fermilab

Other methods
(PINGU, JUNO, supernova, cosmology...)

are very promising,

but the long-baseline method

is the only one that’s guaranteed with
sufficient exposure at long baseline



Determining the MH with long-baseline beams

The basic Measure transition probabilities for

strate _ _
g9y Vy, — Ve and Vy — Ve

through matter
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A. Cervera et al., Nucl. Phys. B 579 (2000) Am2.
J = C13 sin 2(912 sin 2(923 sin 2(913 Aij = fja B$ = |A + A13‘7 A= \/iGFNe
013, A1, Alg/Alg are small

Different probabilities as a function of L& E
for neutrinos and antineutrinos, depending on:
- CP d (more later on that)
- matter density (Earth has electrons, not positrons) —




The baseline matters:

1300 km Continous Line :Normal hierarchy
Dashed Line : Inverted hierarchy
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New U.S. long-baseline experiments
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New U.S. long-baseline experiments

~ NOvVA

" 14 kt scintillator

700 kW off-axis FNAL beam
810 km baseline
operations start this year

haldakota

iowa

Long-Baseline

Neutrino Experiment
34 kton LArTPC in SD @ 4850 ft

1300 km baseline
New 700 kW beam

f\l't)f asS l\(l




New U.S. long-baseline experiments
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North Dako NOVA ;fﬁ"' ﬂ;
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810 km baseline i) |
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Long-Baseline S|
Neutrino Experiment p

34 kton LArTPC in SD @ 4850 ft

1300 km baseline

New 700 kW beam

(10 kton on surface has CD-1, but
collaboration goal is larger detector

underground)




New U.S. long-baseline experiments
 NOvA L sl.fC

" 14 kt scintillator - iy "
700 kW off-axis FNAL beam
810 km baseline

Long Basellne Y
Neutrino Experiment p!

34 kton LArTPC in SD @ 4850 ft

1300 km baseline

New 700 kW beam

(10 kton on surface has CD-1, but
collaboration goal is larger detector

underground)

good MH reach, and
improvement with more mass

& combination w/ others



Next: CP violation

Measure transition probabilities for

Vlulﬁye and V,uﬁﬂe

(matter effects understood, or absent)

Az’ B- L
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A. Cervera et al., Nuclear Physics B 579 (2000)




new FNAL 700 kW beam
+ eventual PX (1300 km)

The Next Generation of CP Searches

LBNE (U.S.)

d.p Resolution in LBNE with Project X

: uncertainty: 1%/5%

100 kt-years at 700 kW
+ 200 kt-years at 1.1 MW
+ 200 kt-years at 2.3 MW

-150 -100 -50

0
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Hyper-K (Japan)
upgraded T2K beam

from J-PARC (300 km),
560 kton water Cherenkov
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A different approach for v CPV: DAEJALUS

Multiple stopped-pion neutrino sources:

L ~1.5-20 km L 1000 km 10 km
E ~10-50 MeV -

E 3000 MeV 30 MeV
G
AT W w

Requires
high PMT
coverage

J. Conrad & M. Shaevitz, Multiple Cyclotron Method to Search for CP Violation in the Neutrino Sector,
arXiv:0912.4079, Phys. Rev. Lett. 104, 141802 (2010)



And thinking further ahead:

eventually limited by systematics... need well-understood beams

Neutrino factories

storage ring of = e
muons decaying
to neutrinos

,u+%e++ﬁu+ue

Muon Storage Ring

Neutrino Beam
x Muon Decay
Ring
NuStorm:
a possible first phase
arXiv:1206.0294



Fraction of ¢

Long-term CP reach
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Summary of “3-flavor” oscillation physics

Observable Signature Next steps

0,3 Small appearance of | Long-baseline

V. in v, beam; beams;
Disappearance of | reactor experiments
reactor anti-v,

Mass hierarchy Matter-induced v/ | Long-baseline
anti-v asymmetry; | beams; reactor
anti-v, oscillation | experiments;

pattern; atmospheric
(cosmology, neutrinos”
Onbbdk,...)

CPV v & anti-v Long-baseline
oscillation beams; cyclotron-

based beams;
neutrino factories
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All of this discussion is in the context of
the standard 3-flavor picture and
testing that paradigm....

There are already some slightly
uncomfortable data that don’t fit that paradigm...

Open a parenthesis:



Outstanding ‘anomalies’

LSND @ LANL (~30 MeV, 30 m)
Excess of v, interpreted as 1/, — 1/

=2>Am? ~ 1 eV2: inconsistent with 3 v masses

MiniBooNE @ FNAL (v,v ~1 GeV, 0.5 km)

- unexplained >3 o excess for E < 475 MeV in neutrinos
(inconsistent w/ LSND oscillation)
- no excess for E > 475 MeV in neutrinos
(inconsistent w/ LSND oscillation) t
- small excess for E < 475 MeV in antineutrinos

(~consistent with neutrinos)
- small excess for E > 475 MeV in antineutrinos ? ? ? ?
(consistent w/ LSND) more data needed
- for E>200 MeV, both nu and nubar consistent with LSND ore data neede

Also: possible deficits of reactor Ve (‘reactor anomaly’)
and source v, (‘gallium anomaly’)

Sterile neutrinos?? (i.e. no normal weak interactions)
Some theoretical motivations for this, both from particle

physics & astrophysics. Or some other new physics??



Ideas to address these anomalies...

' MicroBooNE

Experiments

with beams

(meson decay
in flight and
at rest)

Experiments
at reactors

Experiments with
radioactive sources

Many more! see e.g. arXiv:1204.5379

Parenthesis is not closed...



Possible futures

fill in the 3-flavor
exciting new parameters and

world to explore! keep pushing
on the paradigm

*

anomalies




We now have a pretty robust, simple 3-flavor neutrino
paradigm, describing most of the data

Still a few unknown parameters in this picture,
notably MH and CP 0, but clear steps to take

 MH: multiple approaches (all challenging but conceivable)
« CP o: standard LBL approach is promising

and plenty of long-term ideas....

=»need to push on the paradigm w/ precision
measurements

Anomalies are still out there...
they may or may not go away...



Extras/Backups



Oscillation probabilities in a 3-flavor context

|Vf> - ZU}TZ’V@> Amj_mQ—m? (Linkm, E in GeV, mineV)
P(vy — vg) =0dpg — 4ZRG(UEUgiUij§j oscillatory
7> behavior
iQZIm(U;}UgiUﬁU;j inLand E
j>i
i fb Wy
JL[ l\f {\J\ﬂ *N W\] ’AmQS‘ > > ’Amm’ => two frequency
\f \P . scales
>

For appropriate L/E (and U,;), oscillations “decouple”,
and probability can be described by the 2-flavor expression

1.27TAm?L
P(vy — v,) = sin® 20 sin” < ram >

b



In 2-flavor approximation:

__ : 2
Py — vy =G (1272
wavelength= nE/(1.27Am?)
4
Parameter space

i)

amplitude
1
l" /
I Il
! /
" /l 10 ;_ ............................................................................................
¢ £
I Y. N
’ , -1 E_ ..........................................................................................
] ,I R
" ,, 10 2§_ ..........................................................................................
P(V Ny ) ” ,/ 1o Y et S T S
f / / ,,’ T change
” ,’ o 10_4_ .............. L/E ..............................................................
" V4 E -5
’ 10 §_ ...........................................................................................
B 1 —&F
’ 10 ;_ ..........................................................................................
] i
1 10 E_V ..................................................................................
I o
P 10_ E_ ............................................................................................
Vi — Vy) N Lo
( f 9 ® Fneed statistics
1 D ;( ........................................................................
A 1 AV 107 ol vl wl
. 10 10 10 10 1
Distance traveled sirZ 26
e.g.v,—> v, at ~GeV

or appearance of a new one

Measure disappearance of an expected flavor, e.g.v,— v, at ~MeV
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K2K (KEK to Kamioka): the first
Long-Baseline Experiment o

~ 1 GeV muon neutrinos

. expected
SR suppression
G16 =
3| { |as a function
£ 1 I " of energy

s __— observed

1.27TAm?L
E

P(vy — v,) = sin® 20 sin” (

)

N = -} -]
L LR BB BLELELES B

o

L Tokyo
: Japan
o’ ; 12 GeV protons on Al target

+ 7t focusing horn
+ decay pipe for pions

Super-K I L T Near Detector
MIe?t-o-l‘°--——' T 1m‘ o '-'#-_---
A\ Y

muon Neutrinos —

I‘ 250 km >l KEK Accelerator




CERN Neutrinos to Gran Sasso

higher energy beam
(~17 GeV,

above 1 threshold),
fine-grained
tracking detectors

electron drift direction

g ALy
g e
- ~

sandwich +
active
scintillator
strip planes +
magnetic
spectrometer

\}e candidate

600 ton liquid argon TPC



Accelerator 100 Map  cuoR
experiments Sl . _
are - NS gtmospherlcl
| = eam
?tate'Of'the'art berK | % \ neutrinos
qr VM 10_3 ~ G
dlsappearance Described by 6,,, Am?,,
oo KamLAND]
95%
3
NS 10_6 uper-K B
< 5%
10—9 -
~ Alllimits are at 90%CL
unless otherwise noted
10—12 | | | L

1074 1072 10° 102
tanZ0



side note: MINERVA

Detector at NuMI (Fermilab)
to measure cross-sections of
~GeV neutrinos on nuclear targets
(finely-segmented scintillator
+ em& hadronic calorimeters)

Nugclear Trargets

MINERVA

Vital to understand interactions for

interpretation of long baseline
oscillation experiment

backgrounds & systematics!

Tower 4

----------

U-Vew

TOWER 1
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But what it’s really about is testing the paradigm...
How well do we need to know the parameters?

012=35°+613C0S0 ] current best fit values and errors
61,=82°+03C086 for 6,2, 6,3 and 6,3 taken from
Fogli et al. 2012
predict relations
-] between the
15° mixing parameters

Patrick Huber T
SLAC, March 2013 1/2 current errors

- -

current errors | | i
BE 10 200

predicted value of §¢p [©]

We need not only to fill in the missing parameters,

but make precision measurements of all the parameters



vV

The off-axis trick cﬁ-ﬁ“ N

2-body pion decay kinematics Get more sharply peaked
v energies, and more flux
JE) Off-axis, at the oscillation minimum
v energy = good for background _
nimep) becomes réduction and oscillation fits
relatively __ _
wmee)  independent = TN,
. m,-m,’ of ® energy ] I
¥ 2(E,—p,cosb)

0
35001
% 14 F . 3000
& C Barenboim et al. _
}1-2 3 hep-ex/0206025 2500
1 !
08 [ 20001
06 1500
o4 - OAB 2 degre 1000
0.2 [ DiB 2.5 degree |
0 ....1....1....|..1.11...|....IO.?.j.?ig.r??l....1.... 500
0 1 2 3 4 5 6 7 8 9 10 1

GeV/ e

Off-Axis beam P (GEVIE %0705 118 2 Neutrino energy GeV



Current off-axis long-baseline experiments

T2K: "Tokai to Kamioka"

~f cal
_1.17"-" _',-:r."k_ ~ S~
Super Kamiokande 205k m
./rp"}ﬁ \ _

o 4—

)
{©) lellllé; o 3200 mi 7 625 8 Km across

Pre-existing detector: Super-K
New beam from J-PARC

295 km baseline
Water Cherenkov detector

NOvA at NuMi

Pre-existing beam:
Fermilab NuMi upgrade

810 km baseline

Scintillator detector



Signature of non-zero 6, at far detector

d u select
charged-current .

. quasi-elastic e
- W events \
(~single ring);

|
vertex, energy,
V direction from
| |' Cherenkov light

v, + N—=I¥+N -

1

a0 ]

20~ %a:ﬂl—v .

- f background v, - Look for electron
EINHEEEE signal v, ; appearance:

ok | : single fuzzy rings
E AN excess on top of
5 _ background, with
o M expected spectrum

00 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Reconstructed v Energy



v, appearance results from MINOS are consistent

look for
these

. 2.0 — ]
I--i K Am?>0 .
E | .
,l!‘ ’ 1.5 -
! ) ! | - — MINOS Best Fit 6, <7/47]
- J = - .+« MINOS Best Fit 6, > /4
a | - 1.0 PN 68%CL O, <4
. Y USRI © X B 90% C.L. 6,; < /4 i
o o5 “M’-’.’ 3 35 4 42 et b ot boé N ]
0.5 -
MINOS Far Detector Data . Z
sk 0.6 <y, <07 18 06 < gy <07 - .
5 L v Mode sk ¥ Mode 1 1
E 20f ; ' T ]
Spectrum G ! 1 AM2 <0 :
of electron : dlggam ik ]
—like S L Lo [ ]
0.7 <, <0.8 [ MINOS ]
events | ¥ Mode = L 10.6x10%° POT v-mode -
= 1.0f 3.3x10% POT v-mode ]
o L TR 0.5 ]
Cyey>0.8 ) 18 aey>08 F——] - -
30F \ Mode - Data [ ¥Mode  5:8GeVBins | - -
2] — Background 6 Merged for Fit L : : -
g” B cosonar of : 0.09 0.1 0.2 0.3 0.4
10 ) 1, i 2sin’(20,,)sin’,,
0

2 3 6 8 2 3 8 8
Reconstructed Energy (GeV)



Possible large (multi-kton) detector technologies

Water Cherenkov

Liquid Argon

Cheap material,
proven at very
large scale

Collection view

Excellent particle
reconstruction,
high efficiency

rdinate (1.4 m)

~.Drift time coo

Liquid
Scintillator

Low energy thresh,

good resolution

(but: high energy particle
reconstruction difficult
for LBL)




What you’re looking for experimentally:

electron flavor appearance on top of background
(NC, beam v_, mis-ids)

u

£

charged-current
W™ quasi-elastic

A LAr detector (in principle)
reconstructs everything

<

v+ N—[E+N

A WCh

detector
needs to
cut hard
to select
clean QE
events

CC neutrino cross section (10*" cné)

E, (GeV)




Probability

LBNE events at 1300 km w/ oscillation probabilities

020,
0.15
0.10f) :

0.0sf 1]

0.00

A long-baseline beam works well

Neutrino

flux folded with
cross-section

\

————

05 1.0 2.0 5.0

E/GeV
015=9°, 8cp 1:+90, b: 0, g: -90, dashed: Inverted Hierarchy, L: 1300 km

020

0.15

0.05¢

0.00

010}

Anti-Neutrino

M. Diwan

IA-MINAN00T
/ASD/SIUSAT DD

E/GeV



34 kton LAr ~ 200 kt WCD because of better LAr efficiency:
detector sizes for technology choice set for

~ equal oscillation sensitivity

34 kton LAr
v, spectrum 200 kton W v, spectrum
5 yrs v running 2 [ 5yrsvrunning
g‘ootnormal hlerarchy g'“ normal hierarchy
- Blllz(ZO“) =0.04 . Signelidiga 5, =0 o sin (20,,) =0.04 —— signar-Bxgd, 4, =0
B il
% 80— — Signat+Bkgd,5,, = 90° E:" 80 = e SignaleBkgd S = 00
> ® o > I
x: : P I — SignaleBxgd 5 = 80"
o B L Al Bigd
40
204
0 B e R A AT A A AR AT A AT AT AT AL TAT AT DAL Ay DATATAA h LA

1 2 3 4 5 6 7 8
Neutrino Energy (GeV)

Neutrino Energy (GeV)



After long decision-making

process for LBNE... it’s Liquid Argon
(waiting for FNAL/DOE concurrence)

And the deep site
(4850 ft at Homestake) is favored



The baseline matters:

Continous Line :Normal hierarchy
Dashed Line : Inverted hierarchy

- -
’o’cﬁo'o’“...‘."

ll.ooo
111111[111111111111111‘111.1.1111

2 3 4 5 6 7 8 9
True Neutrino Energy (GeV)

A

0.08[

0.08: LBNE
007:_ P _)_ P - 007:_ (1300 km)
T F 10" eV Wy ve) Vs. (Vy ve) T F Am3,l = 239x107 eV?
0.06}- . . 0.06f- | S?n;: 32”} i (I, 005
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0.051— 0.05 Am?,<0
Am?,<0 fOI' %’ E -
both choices of sign(Am?) & M
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|

,_
-
-
-
-
b
-
-

1111111
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P(v,—v,)

JlllllLlL' |
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P(v,—v) .
easier to separate MH from

CP effects at long baseline



The NOvVA experiment MH reach

NOVA Far Detector [Ash R"f"-"’ : %okfd?\f glftfl-l.'!\?(tingNAL beam

810 km baseline
* operations start this year

NOV A hierarchy resolution, 3+3 yr (v+V)
sin“(20,,)=0.095, sin’(20,,)=1.00

significance of hicrarchy resolution (0)

()() LALLlLLALr:&'}AAJAA‘..A!

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 09 [
o/ (2x)

6 year run 2>2¢0
MH determination
for 35% of 6 range




LBNE Sensitivity to mass hierarchy

Mass Hierarchy Significance vs dqp
Normal Hierarchy

10 l 1 ] l 1 I I 1 1
Signal/Background
: - Normalization:
8 - 1%15% to 5%/15%

Homestake 10kt m—
TNOVLA(6)+1T2K RSN

L

0 i i 1

-1 -08-06-04-02 0 0.2 04 06 08 1

6CP/.T
M. Diwan, Venice, Mar 2013

Mass Hierarchy Significance vs 6qp
Normal Hierarchy

Homestake
T - ; . Y : ' Ma'n BQSSI (CSU)
30 - 700 kW, 3+3 yrs, 10 kt = -
+ 1.1 MW, 343, 10 Kt -eeeeee
+1.1 MW, 343, 35 kt ===~
25 L #23 MW, 343, 35Kt s T
T 2} ]
[+F] K "
&) 2 .
c e, ~ A
c ',.»" 's" Ry
'Q "‘ "o, ..' f‘
w 10 B _“"l..‘“””'.."u "'\ "'l, .'.‘. f!_

o 1 1 1 1 1 | 1 | |
-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1

Scpl‘ T

]

improvement with more mass

or beam (e.g. Project X at FNAL)




Atmospheric neutrinos:
back into the wild

The neutrinos are free, and have
a range of baselines & energies,

.... but they do what they resonance for
damn well please neutrinos for
NH and for

cosmic ray (p)

antineutrinos
| for |IH

Cosine Zenith Angle

Energy [GeV]

Need both statistics and ability P(V,u — Ve)

to reconstruct v energy & direction



A %2 Hierarchy

A %* Hierarchy
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Examples:

significance (o)

{

Hyper-K

rificatiom

- Tochibora mine, near Kamioka;

(1500-1750 mwe)

| - 560 ktons (25 x SK)

" - LOl on arXiv:1109.3262

~ 20strings, ..o

30 strings,

40 strings, s

high efficiency

-
-
-
-
-

prelim. event selection

i

o

low efficiency

35 4 45 5
Years of data

- enormous detector
volume & atmnu statistics
- sparse PMTs, so poor
reconstruction

=» PINGU infill for be
reconstruction & lower
threshold

- arXiv:1306.5846



MASS HIERARCHY @ INO

\9/
7S Evenfs genemted using Nuance and ICAL resoln in E and cosO it
24 ! IN ]lH J [ I 1 1 | I
2} 20,02 Marginalized over Am?uum & 0")’ ol Inverted Hierarchy
B D . T atm & U123 2r 20 =0.12| Marginalized over Am’aom &
ol T 2| 4 -0y | with priors with projected
B N 18- - 5in20, =0.08
16 16} "
14 1l
2t Fal
10 I~ - 10':
8'—“ - SL
:f INO Preliminary 1 F INO Preliminary -
e S TR i6 s - I 112 B TR TR —

Years

INO Col
i ~20 sensitwity for sin’093=0.5, sin’2013=0.1 by 2022 (5 yrsljb’ “3

it ~2.70 sensitiity for sin023=0.5, sin’2013=0.1 by 2027 (10 yrs)
Neutrino 2012 Sandhya Choubey Fune 5, 2012 2



Experiments going after MH with atmnus

Experiment | Type Location | Reconstruction | Mass Notes
(kt)
Super-K Water Japan Good 22.5 Good reconstruction,
Cherenkov low stats
Hyper-K Water Japan Good 560 Good reconstruction
Cherenkov and stats
IceCube Long String | South Poor Mton Systematics under
DeepCore Water Ch. Pole study, huge stats
PINGU Long String | South Improved Mton Systematics under
Water Ch. Pole study, huge stats
ORCA Long String | Europe Poor Mton Systematics under
Water Ch. study, huge stats
ICAL@INO | Iron India Good 50 Magnetized=>» lepton
Calorimeter sign selection
LBNE LATTPC USA Excellent 10-34 Excellent
reconstruction
GLACIER | LArTPC Europe Excellent 20-100 | Excellent

reconstruction




The Reactor MH Method

Vacuum oscillation frequencies depend on Am?/E,
Different MH =» slightly different frequencies at reactor energies

Y. Wang

— é 0.6 - e Non oscillation
m12 5 —— 0, oscillation
= 05 Normal hierarchy
g —— [nvernted hierarchy
04
0.3
0.1
NH: |Am3,| = |Am3,| + |Am3,| 0 L L L o =
. 2 _ 2 - L/E (kmvVMeV)
[H: |Am3,| = |Am3,| — |Am3,|
Requires:

- good energy resolution (~3%)
- excellent understanding of energy scale (fraction of a percent)




Proposed reactor experiments going after MH

Daya Bay Il (China) RENO-50 (South Korea)

\\
. ’)‘-.
\Q\’* "-bmut]-""
.. : 2
& -« ® J2. 0 o .

20 kt detector at 55-60 km 18 kt detector at 47 km
~ 40 GW,,, power

~700 m underground

< 3% resolution @ 1 MeV
~0.2% energy calibration

 16.8 GW power (Yonggwang)
« >500 m underground
« similar detector requirements



One more way of going after MH: supernova neutrinos

Core collapse burst neutrinos: all flavors, few 10’s of MeV

Neutrino Antineutrino
! | = Ve initial - ==V, initial
;Y ==y, initial ==V, Initial
.®) " m— y, final M.A. = e final M.A.
Q ! — v, final S.A. — V. final S.A.
g ' .
o | f |
> I ‘. \\
= [ \
I “ \
©
-
-
O | A Y
= ' =,
\‘ A
\‘ \\\

0 10 20 40 50

30
E (MeV)

Duan & Friedland, arXiv:1006.2359

60

Distinctive
spectral swap

features
depend on
neutrino mass
hierarchy, for
neutrinos vs
antineutrinos

(also:
matter effects
in Earth)



Number of events per 0.5 MeV

An anecdotal example

(1 second late time slice, flux from H. Duan w/collective effects)

80 2 [
z : o
o claems, | 5 f - T ol
- o 5
60— 5 N LAr
C WC 15%: g .
50— mostly v, g af mostly v,
402— 3 JF
30 Differences, LAr shows
- but no sharp ) dramatic
201 features difference
105— 1
:I JIlILIIlIIIIl 1111111111111111111111

o v b b TS L1
10 20 30 40 50 60 70 80 90 00
Energy(MeV}

There will be very rich information in the observed
flavor, time, energy spectra

Worldwide sensitivity to multiple flavors is key:

different detection technologies are highly complementary



Significance (o)

LBNE CP sensitivity

M. Diwan

LBNE events at 1300 km w/ oscillation probabilities

CPV Significance vs 6qp

NH(IH considered
CPV Significance vs d¢p Homestake )

NH(IH considered) __ anBass(Csy)
R 700 kKW, 343 yrs, 10 Kt =
Signal/Background Homestake 10kt www——= L + 1.1 MW, 343, 10 kt «eoeeeee ]
Normalization: +NOVA(6)+T2K I + 1.1 MW, 3+3, 35 kt ===
| 1%/5% to 5%/15% | 10 L +2.3MW, 343,35kt e
L

@ 8r -
i - :

= " .

S "3 : -o" v .

:_.LE, 6 | rd '\,‘ & !! “ 2 -
| E, ,c' ",! :; !j' "‘_‘ %

v 4 - §e "\_ _,*' “'- -

-08-06-04-02 0 0.2 04 06 0.8
6cp/ﬂ

-04-0.2 0 020406 08 1
Scp/n

improvement with more mass
or beam (e.g. Project X at FNAL)




J\xz

Long range plan for LBNE

CP violation sonsltlvm
50% Gep Coverage, Normal Hierarchy i
o0 1:1 vy, 195% Signal/BG systematics
' T Trom valus '+
35 - 2.3 MW 150 00 kW, 100 KLy =
:::-z",,;-g:::wg;tc - 1.0 MW, 200 KLyt ———
30 """?3,;) 103 :c'h)g 100 + - LI MW, 200 klyr  m—
25 S0 50 -
o
“" b
15 | -50
10 Jo -100 +
700 kW
- 150 |
o 2 N 1 1 i i 4 A A A A A
8N €%

Exposure (kl'years)



Other long-baseline programs: Hyper-K in Japan

|\ Watar Purifica
5 T Syatam

M. Yokoyama

ATYRNSHESEES =5 =—
) DCOE>*

=) —>> {50 of T2K
Q - for vCP
W= — .

-O'

0.02 0.04 006 0.08 0.1 0.12

sin220,

( higher intensity V by
" upgraded ]-PARC

AT




Large detector and long-baseline programs in Europe

) ////////"// MEMPHYS: 0.5 Mt water
-qu‘n GLACIER: 100 kt LAr

LENA: 50 kt scintillator Pyhisaimi
LAGUNA-LBNO (2300 km)

MEMPHYS
DEPTH 110

investigated - ;-.‘ 5 . Gmct%
sites o B O

f) Rapid progress in neutrino oscillation physics, with significant European involvement, has
established a strong scientific case for a long-baseline neutrino programme exploring CP violation and
the mass hierarchy in the neutrino sector. CERN should develop a neutrino programme to pave the
way for a substantial European role in future long-baseline experiments. Europe should explore the

possibility of major participation in leading neutrino projects in the US and Japan.

Under discussion: collaboration on LBNE, HK;
LBNO demonstrator @CERN, CENF, vStorm
ER AR WG ae W L




(Parenthesis 1 LSND at Los Alamos

Liquid Scintillator Neutrino Detector
4+ +

- 30 m baseline, 167 tons scintillator

- stopped pion source Ve
— 10 - 3
‘B b i
) L
7 =
§ 175 LSND ® Beam Excess 4
L; 151 s pﬂu—avye‘)n
8 10
@ 125} —
10
1
7.5
5 —i—  90% CI KARME?
= sensitivity BNL776
2.5 e LSNDLikeg!::j;wsjr;g:egions
% 98% G.L
0 BN 90%CL \
1 Plys. e, C (74 2685 Vugey
0.4 0.6 0.8 1 1.2 1.4 10 i5 10" oy
L/E, (meters/MeV) e

Excess of v, interpreted as 1/, — /o = does notfitin 3
flavor picture



MiniBooNE
Booster Neutrino Experiment at Fermilab

) Ma_gnetlc Decay Absorber 450 m Detector
ocusing horn region dirt

L~ 500 m
E~1 GeV from 8 GeV booster
0.8 kton of mineral oil

Testv —> Vv, at

same LIE as LSND L1, E? : different
with both neutrinos systematics
and antineutrinos



Neutrinos Antlneutrlnos

E 3 N > 10T
- o f‘r = PRELIMINARY e Data (5ta‘ err)
a 4 V. o ’K 2 JULY 2011 =3 v.fromu™
§ 3.5F . v, fro K° s 08 El’:ﬁg
w E B mis @ + B «’ misid
3+ —/ \—»N
- CJAa—Ny
2.5? = ci"te 06 g::er B
2: —— Const. Syst. Error Constr. Syst. Error
0.4 +
5 NEW
0.2
0.2 04 0.6 08 1 1.2 1415 3. 0.0
R. Van de Water, Nu2010 ESF (GeV) 72 04 08 08 10 12 T gevy
Neutrinos:
- unexplained 3 o excess for E < 475 MeV
(inconsistent w/ LSND oscillation)
- no excess for E > 475 MeV
(inconsistent w/ LSND oscillation) ? ? ? ?
| | | |

Antineutrinos:

- small excess for E < 475 MeV, ~consistent with neutrinos
- small excess for E > 475 MeV (less than before)
(consistent w/ LSND, 15% consistent w/ no osc)

- more antineutrino running, through spring 2012
- also: uBooNE (LAr), other ideas (?)

Parenthesis 1)



0.8

0.75

0.7

“Reactor neutrino anomaly”

arXiv:1101.2755

expectation -

1 s s bek £§ fl: in standard ' g
= 38 & £ 838 38 ¢|a 3 flavor picture | ¢ 3

——
——
I -
=
-
=
}_
l_

—l

l 1 1 L 1 1 1 1 1 l

10' 10° 10°
Distance to Reactor (m)

- Reactor neutrino flux calculations recently reevaluated

(+3%, smaller uncertainty)

- Now historical data show deficit, <2% consistent w/expectation
- Sterile neutrino hint?



Events/MeV
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Latest MiniBOONE results
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What about the absolute neutrino mass scale?

Kinematic experiments for absolute neutrino mass
(oscillation experiments only inform on mass differences)
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Look for distortion of f-decay
spectrum near endpoint

Current best limits: Mainz, Troitsk: m, <2.2 eV




Experimental approaches: aiming for sub-eV sensitivity
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Another way of getting at absolute neutrino mass

Fits to cosmological data:
CMB, large scale structure,
high Z supernovae,

weak lensing,...

(model-dependent)
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And some giant questions | will omit...

How do we add the masses to the SM?
Are neutrinos Majorana or Dirac?

Neutrinoless Double Beta Decay
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