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“““““‘ﬁ:"" 3-flavor Oscillations: Two Different Mass Scales!
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Neutrinos and T T T T
the 3-flavor S — Oscillation [+ Data-BG-GeoV,
Paradigm 8 1.6} — Decoherence [ — Expectation based on osci. parameters
2 14 — Decay 1. 1: + determined by KamLAND
E o8-
©
32 L
E o |
8 £ 0.6 -
Nt ¥l 6 ¢t —
leutrino xXing . S [
L 04r
4 i | 4
.2 0.2
o I 1 /| /| :
2 3 2 bbb b b b a1
1 10 10 10 10 0 20 30 40 50 60 70 8 90 100
L/E (km/GeV) LyE, (kn/MeV)
Global fit 2013: Global fit 2013: s
Amitm = 243t%0160 X 10_3 eV2 An"solar = 7'54—6.22 x 10 eV
. p 02 — +0.18
sin? Oatm = 0.386%%% sin” Osolar = 0.3077 1

Atmospheric L/E ~ 500 km/GeV  Solar L/E ~ 15,000 km/GeV




Bllllﬂl(ﬁ:lﬂl

NATIONAL LABORATORY

LBNE Beam
Neutrinos and
the 3-flavor
Paradigm

Neutrino Mixing

Neutrino Mixing: 3 flavors, 3 amplitudes, 2 mass
scales, and a CP violating phase
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ooy Neytrino Interaction Cross-sections (G. Zeller)

LBNE Beam Neutrino CC cross-sections are very small and scale with energy:
Neutrinos and Neutrino cross-sections
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ooy Neytrino Interaction Cross-sections (G. Zeller)

LBNE Beam

Moo o Neutrino CC cross-sections are very small and scale with energy:

the 3-flavor Anti-neutrino cross-sections
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Long Baseline v
Oscillations

Matter and CP effects on Oscillations
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""““"‘ﬁ""“ Matter and CP effects on Oscillations

P(v,—> Vv, IH3 =0 At 1300km
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CP and Matter Asymmetries vs. Baselines for fixed
NATIONAL LABORATORY L/E
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LBNE Beam The charge-parity (CP) asymmetry is defined as
Neutrinos and
the 3-flavor

Paradigm 4
p

_ Py — ve) — P(0u — )
P(vy — ve) + P(Dp — o)
€0s 623 sin 26013sin & Am3;L
sin 023 sin 913 4E,

A ~ ) + matter effects

Z. Parsa, W. Marciano, BNL

1

Long Baseline v BB E w1t 05c max
Oscillations 1 E
g 2’ E =— 2nd osc. max
T|To8E BCULHTY O -=~T¢
N
3| 207k i
T E z
|2 E W
aldosE /,
0.43
E / acuum, 8 o, = -TU:
0.3 o
o E / =0 e
3 /’ NP S g 2
0. 1;/
/
o 500 1000 1500 2000 2500 3000
Baseline (km)

Matter and CP asymmetries have opposite effects at the

1st and 2nd oscillation maxima.
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snoowtindey  CP Asymmetries and the Mass Hierarchy

LBNE Beam v, — U, oscillation maxima occur at
Neutrinos and
the 3-flavor
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At short baselines, irreducible degeneracies with MH,é, at E;
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shoodinie  CP Asymmetries and the Mass Hiera

LBNE Beam v, — U, oscillation maxima occur at
Neutrinos and
the 3-flavor
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nnnomﬁt'lm

NATIONAL LABORATORY

LBNE Beam
Neutrinos and

the 3-flavor
Paradigm

Ferimlab v
beams

ACCELERATOR v FROM FERMILAB

13/38



BrookinteN — The Fermilab Accelerator Complex 2012
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""""‘ﬁ‘"‘“ Fermilab Proton Plan

—+—Maln Infector -=-Booster Neutrinos  —+g2 ——mu2e ——Total
LBNE Beam
: 2508417
Neutrinos and "
the 3-flavor
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Fermilab proton improvement plan: MI: 700 kW at 80-120 GeV by 1%(/)3184



BROOKENEN it yre plans at Fermilab: Project X

LBNE Beam
Neutrinos and
Booster

the 3fﬂ.3V0T Accelerator
Paradigm W Tevatron

Mary Bishai s, Y2 .
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Existing Beamline
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Beyond 20257: 2.3 MW at 60-120 GeV
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BRouKnEN Superbeam Baselines in the U.S.
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Beams

CC rates per 100kt. MW.yrs (1 MW.yr= 1 x 10%! p.o.t at 120 GeV)
= 0.587, 63 = 0.670, 6cp = 0, Am3;/m3; = 0.0754/2.47 x 103! ev2:

[Soudan735km [ 0K [ 37K | ToK [ 50 | 1100 [ 383 |
[Ash River 810km | 16K | 49K | 40K | 246 | 50 | 33 |
[Hmstk 1300km | 25K | 94K | 65K | 210 | 030 | 300 |
[ Hmstk ME beam | 38K | 23k | TIK | 140 | 780 | 1300 |

Need MW beams and 100 kton detectors regardless of baseline!
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“““““‘ﬁ:"" Sensitivities vs Baseline

NLBN_E Beamd Starting from the MI 120 GeV, we produced an optimized horn
;“;Z?ﬁjj.’: focused beam based on NuMI designs for each baseline. For shorter

PetEligin baselines we used off-axis angles. For 35 kTon LAr-TPC.

Mass hierarchy senstivity at > 50

c 12
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g r
fing 10~
=3 r
08 - == No v, Bkgd
s -« With v, Bkgd
Which Baseline? o8 50 MH
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C 1
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Baselines of 1500-1700km sufficient to resolve MH

1
00206 1000
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“““““‘ﬁ:"" Sensitivities vs Baseline

LBNE Beam Starting from the MI 120 GeV, we produced an optimized horn
Neutrinos and

the 3-flavor focused beam based on NuMI designs for each baseline. For shorter
PRI baselines we used off-axis angles. For 35 kTon LAr-TPC.

CP violation sensitivity at 3o

1.

30 CPV
Normal Hierarchy
in%(26,,) = 0.09

S = No v, Bkgd
35 KT LAr, 5+5 yrs -+ With v, Bkgd

0.8

8p Fraction
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Which Baseline?
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Baselines of 1000-1500km best CPV sensitivity
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Underground
Research 4
Facility

Tunable neutrino beam
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Eye alt 110862 km

~ 350 people, 60 institutions from US, India, Italy, Japan, UK



mooiney | BNE Staging (M. Diwan)

LBNE Beam
Neutrinos and
the 3-flavor

Paradigm US-DOE has asked us to phase LBNE with the first phase
~ $850M. This has been given a high priority in the US. The full
cost is ~ $1.4B.

m We have chosen to proceed with the most important aspect of
the experiment:1300 km baseline and the full capability beam.
To keep the project cost down we chose to consider a 10 kt LAr
detector on the surface.

m Construction will start on the beam first with site investigation
to begin this year !

m The goal of the first phase is to place this detector underground
and have a full capability near detector.

m New partnerships will enable this expanded scope in a timely
way. The US-DOE is very supportive of this strategy.
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The LBNE v Beamline

Novel beam-on-a-hill construction for 2.3MW from 60-120GeV

APEX OF
EMBANKMENT

MAX. HEIGHT = 58'+

MIN. MI-10 POINT OF
LBNE20 23 SOIL ELEV. 799¢ EXTRACTION

LBNE 30 TARGETHALL  sHIELDING

ABSORBER HALL COMPLEX

SURFACE BUILDING
5.5m concrete

LBNE 5 - PRIMARY BEAM T
SERVICE BUILDING

EXISTING ELEV. 751%

ENCLOSURE

TARGET / / ROCK

ELEV. 750+
ROCK/SOIL BEAM=
ELEVCrss ENCLOSURE
MAIN INJECTOR

Cost: ~ 390$M AY (CD1) with 204m decay pipe

(incl 30% cont. and conventional facilities)

N
N
w
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“““““‘ﬁ:"" The LBNE v Beam

LBNE Beam Using NuMI focusing = tunable beam energies
Neutrinos and

LBNE Beam Tunes

the 3-flavor C
. 5,500
Paradigm s Low Energy Tune
£ 450
g J00E Medium Energy Tune
3 400
8 I o nery Tune
= A
8 300 Y
Sk i AN
-
Qasot i
00 f s 1]1 lll
1505
HEEA NI
“
st
4 10 12 14 16 18

E, (Gety

The LBNE v beam improvements under consideration:
Impact on v,, — v. appearance rates at the far site:

Ct 0.5-2GeV 2-5GeV
Decay pipe air — He 1.07 1.11
DP length 200m— 250m 1.04 1.12
Horn current 200kA — 230kA 1.00 1.12
Ep 120 — 80GeV,700kW 1.14 1.05
Tgt NuMI — Be 1.00 1.03
DP diameter =4m — 6m 1.06 1.02
Total 1.3 1.5

Detailed optimization of the beam has large impact on experiment s /35



Conceptual design of CD1 10 kTon
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oy Osﬁﬂ

05‘3’0— Time Projection
e Chamber
Cost: ~ 260 $ M AY (incl 40% cont, no CF), Ready 2022
Extra cost to go underground: ~ 135 M$
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BrookinteN — Conceptual design of 35 kTon Underground
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Cryogenics - cold box, buffer storage

Cryostat septum
LAr filtration system

Detector
2 high x 3 wide x 18 long drift cells x 2 modules
216 APAs, 224 CPAs

35 kton (underground) : ~ 660$M FY10$ (incl. 40% contingency)
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Whitehead, UH
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LBNE MH/CPV Sensitivities with LBNE10, 700kW
(Phase I) M. Bass, CSU

BIIDOI(@EH

NATIONAL LABORATORY

LBNE Beam Band: range of beam upgrades under consideration
Neutrinos and

“;fa 232’“‘” Mass Hierarchy Sensitivity CP Violation Sensitivity
1 : . . : . ;
0 6 LBNE 10 kt m—
5t +T2K+NOVA =1
N>< N>< ol |
= o3 g
11 11
o ° 5 |
2 LBNE 10 kt s 1} ]
0 + T2K + NOvA 0 ‘ ‘
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
ECP/T[ 6CP/T[

Can resolve MH with > 5/40 for 50%/all 6, combined
Can resolve CPV with > 30 for 45% J., combined

Assumes 1% /5% signal /background normalization uncertainties. Disappearance and appearance modes

are combined, all 3-flavor parameters included with constraints based on uncertainties from current best
27 /38
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mooiiex | BNE MH/CPV Sensitivities vs. Exposure . sus csu

LBNE Beam

Neutrinos and Mass Hierarchy Sensitivity CP Violation Sensitivity
the 3-flavor Worst case 50% &¢p Coverage
Paradigm
6
5
o~ "] 4
=< >
<1 <
l>II I>II 3
o o
2
2 LENE mmm | 1 LENE mmm |
0 + NOvA + T2K 0 + NOvA + T2K
0 200 400 600 800 1000 0 200 400 600 800 1000
Exposure (kt.years) Exposure (kt.years)

with LBNE ONLY + beam upgrades:
Need 100kt.yrs at 700kW to resolve MH with > 30

Need 200kt.yrs at 700kW to resolve CPV with > 3o for 50% d,
Need 700kt.yrs at 700kW to resolve CPV with > 50 for 50% 6.,
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CPV with higher power beam from Project X w s
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Paradigm CP Violation Sensitivity

CP Violation Sensitivity
50% 6¢p Coverage

LET . 14 700 kW, 100 kt.yrs mmm— 7 :
12 41100 kW, 200 kt.yrs = -
10 | +2300 kW, 200 kt.yrs NN | : *50 23 MV
(3}
lgf 8 1 g 4l J
1 6 1 30
S 50 g 3 1.1 MW
a1 30 ] 27 80 GeV B |
) eam
2t § 1y 700 kW Signal/background -
0 ‘ ‘ 0 uncertamty 1%/5%
-1 -0.5 0 0.5 1 0 100 200 300 400 500
Scp/T Exposure with Variable

Beam Power (kt.years)
Need 35kt, 10 years, PX staging to resolve CPV with > 50 for 50% &,
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CPV with higher power beam from Project X w s
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Br

Project X Staging
1:1 v:v, 1%/5% Signal/BG systematics

T T T
True values +

700 kW, 100 kt.yr =

+ 1.1 MW, 200 kt.yr =——

+2.3 MW, 200 kt.yr
100 |

50 -

-50 |+

-100 -

@M

-150 b

008 009 01 011 012 0.3 0.14 0.15
sin?(28;,)

With sufficient exposure we can reach 5 — 10° resolution on dcp.
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""“"‘ﬁ""“ 3-flavor Parameter Resolutions with 700kW

LBNE Beam 16 sin(20,5) Resolution
Neutrinos and 0.02

the 3fﬂ.avor 5 + NOVA I:?Igl% E 10 Am232 Resolution
Paradigm £ ) ] e 2 —
5 o015 sin%(26,7)=0.004 | o LBNE s
2 ] * + NOVA + T2K E=ss<I
s R Am2,,=2.4x10° eV?
~ 001 2 3z
s ]
s 5 41
< 0.005 o
2 &
8 05
0 N
0 200 400 600 800 1000 E
kt.years © 0 . . . .
0 200 400 600 800 1000
1o sinz(eza) Resolution kt.years
0.04 .
LBNE mmmm H
g 0035 | \ NOVA S T2K = | With an exposure of 350 kt.yrs
£ 003 i and 700kW:
° 1
i 2, b
é 0.025 Sin*(055)=0.5 Parameter lo best fit
5 002 sin 2013 = 0.094  0.005 0.010
£ o015 sin? 03 = 0.5 0.021
% 001 i sin? @3 = 0.39 0.003
] 2
2 0.005 $in?(0,0)=0.39 Am3, = 2.43 0.9 1.0
1 x 1073 ev? x10~% ev2  x107% ev?

0 .
0 200 400 600 800 1000
kt.years
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Resolution of d¢p: Comparison with other
Proposals
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PRELIMINARY

Mary Bishai NOVA 10yrs

Bro

T2K (V+V)

P SR .
2 3 4
10 10 Exposure in MW.k'I'.yr1s0

Very long baseline superbeams (or NF) with MT.MW.yrs
= CKM precision
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Resolving the Octant Degeneracy

—

E

Resolving the 023 octant:
Octant Sensitivity

. Worcester)

A7)
8

I LBNE: 100 kt-years at 700 kW
I + 200 kt-years at 1.1 MW
I + 200 kt-years at 2.3 MW
[ Fogli 2012 10 bound on 6,,

Width of significance band is due to the unknown
CP phase and covers 10%-90% of 3, values.

H g B

Significance of octant determination (

55
true 8,,[°]
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BROOKSAEN Physics Opportunities at the 2nd Maximum

LBNE Beam A proposal to use low energy multi-MW beams to probe CP viola tion

N;“e”;‘f‘ivi':d at the 2nd maximum using massive water Cherenkov detectors in
Paradigm LBNE beam: “Precision Neutrino Oscillation M using Simult High-Power,

Low-Energy Project-X Beams” M.Bishai, M.Diwan, S.Kettell, J.Stewart, B.Viren, L.Whitehead,
E.Worcester, arXiv 1203.4090

0.0 00,

Probability
Events/GeV/200kT/3MW/yr
Events/GeV/200kT/3MW/yr

mEnergS; Gei/.ﬂ mEnergX; Gev
Project X will allow SIMULTANEQUS multi-MW 8 GeV and 60 GeV.

Work is progressing on 2nd maximum CP measurements
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Beyond 3-flavor Paradigm: Non-Standard
Interactions:

Bllllﬂl(ﬁ:lﬂl

NATIONAL LABORATORY

LBNE Beam Sensitivity to new physics:

Neutri d .
tehue g?ﬁ:\i’: NC NSI discovery reach (30 C.L.)

Paradigm

T

[ sin220,; = 0.094 |
only one € # 0 at a time
Left/right edges: Best/worst arg(e)

7L = 1300 km, Epeam = 80 GeV

Current bounds m

LBNE sensitivity
1 <_| 700 kW, 50+50 kt yrs

<—| 1100 kW, 100+100 kt yrs en

Hu
<] 2300 kW, 1004100 ke yrs [

m
€

=
en
GLoBES 2013 <—|

|
1073 1072 107! 10°

(J. Kopp) True |e|
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B0 Summary

LBNE Beam The 3 flavor framework for neutrino oscillations is well established
Neutri d . . .
e m What is the mass ordering (hierarchy) of the 1 and 3 mass

Pt states? Is CP violated in neutrinos? Is the mixing between 2-3
states maximal?

m The measurement of the hierachy using the matter effect in long
baseline accelerator v,, — v, is the most effective technique.

m Baselines of > 1000 km are needed to cleanly separate CPV
effects from matter effects AND new physics.

m Discovering v CPV requires many 100kt .MW .yr exposures! .
Multi MW proton beams with energies ~ 50 — 60 GeV are
optimal for the LBNE baseline.

m CPV effects are largest at 2nd osc. max. . Proton beams >
4MW at 3-8 GeV matched to 100kT detectors at 1100-1300km

(Szl;:‘clnir.ﬁ:snd on-axis can probe this region.

m The LBNE experiment has the 1) optimal baseline, 2) multi-MW
beam design and 3) best detector technology. LBNE phase |
preserves all 3 features. With additional partners, phase 1 would
include a larger underground detector and a near detector.
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