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P5 Report 2008

Long Baseline
Physics with The Intenslty Frontler
LBNE- Recent striking discoveries make the study of the properties of neutrinos a vitally
MeiesEla impertant area of research. Measurements of the properties of neutrinos are funda-
il mental to understanding physics beyond the Standard Model and have profound
Alamedes consequences for the evolution of the universe. The latest developments in accelerator
and detector technology make possible promising new scientific opportunities in
neutrino science as well as in experiments to measure rare processes. The US can
build on the unique capabilities and infrastructure at Fermilab, together with DUSEL,
the Deep Underground Science and Engineering Laboratory proposed for the Home-
stake Mine in South Dakota, to develop a world-leading program of neutrino science.
Such a program will require a multi-megawatt-powered neutrino source at Fermilab.

The panel recommends a werld-class neutrine program as a core
Group) component of the US program, with the long-term vislon of a large

detector In the proposed DUSEL and a high-Intenslty neutrino source
at Fermllab.

Science Goals

The panel recommends an R&D program In the Immediate future to
design a multl-megawatt proton source at Fermilab and a neutrino
beamline to DUSEL and recommends carrying out R&D on the tech-
nologles for a large multl-purpose neutrino and proton decay detector.

Construction of these facilities could start within the 10-year period considered by
this report.

LBNE is a multi-stage, long term, world-class project with a
broad physics program - not a single stage to measure one parameter.
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Neutrino oscillations

ptaeill  1057,1967: B. Pontecorvo proposes that neutrinos could oscillate:

Homestake Va \ _ cos(0) sin(0) V1
and Vb —sin(@) cos(0) V2
Alternatives
va(t) = cos(8)vi(t) + sin(0)va(t)
| < mlwa(t) > 2
sin?(0) cos’(0)|e 2t — e~ E1Y2

P(va — )

P(
Oscillation where Am3; = (m} — m}) ineV?, 5
Basics L (km) and E (GeV). 3

Observation of oscillations

implies non-zero mass eigenstates

3000
L/E (km/GeV)

Summary



The Implications of 3-Neutrino Mixing

Long Baseline

Physics with
LBNE- 1 0
Homestake 0 Co3
and
Alternatives 0 —S23

UpMmns =
0 C13 0 eiéCPSm c12 si2 0
S23 0 1 0 —S12 C12 0
C23 —eldcp si3 0 C13 0 0 1

tan2 012:

ATMOSPHERIC 4

Vv, — 0058

Oscillation
Basics

Normal (NH)

Summary

v,, disappearance
where cj; = cos 6;; and s;;

sin 613: Amount
Amount
Amount

MASS (eV)

v, — Ve, reactor v, disappear solar ve, Ve disappear

= sin 6j;.

of ve in 13
of ve in vy
of ve in vp

tan? 0,3: Ratio of ZL in w3
-

@t There are 3 quantum states mixing =

there is an overall phase: dcp.

SOLAR

Bes8 = If dcp # 0 or w, charge-parity (CP) is

ATMOSPHERIC

Could this explain the origin of matter?

-0 —
3o

Inverted (IH)

violated and there is a v /U asymmetry.

What is the value of dcp, sign(Am3;)?
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Oscillations of v, — v, at different baselines
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Oscillations of v, — v, at different baselines

P(v,—v), NH
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Oscillations of v, — v, at different baselines

Long Baseline e 0.2 .
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CP and Matter Asymmetries vs Baselines

Long Baseline The CP asymmetry is defined as
Physics with
LBNE-
Homestake
and A(EV) -
Alternatives

P(vy — ve) — P(0u — )
P(v, — ve) + P(D, — 1)

At sin? 2013 = 0.1:

Maximal CP asymmetry in vacuum §¢p = —7 /2 Matter asymmetry with no CPV
PPYPF), 5 =2, vacuum (PP)(PP), 6., =0, NH,p=2.3 gfem?
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CP asymmetries are largest at the secondary nodes.
Matter asymmetry dominates at the 1st node

Longer baselines, wide-band beams to resolve degeneracies . 0/37
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CP Asymmetries vs 013

Long Baseline MAXIMAL CP asymmetry in vacuum (6, = —7/2)

Physics with CP Asymmetry in vacuum, 3§ =3m/2
LBNE- P

~

Homestake ':: o E ,; ( /; :

Aot - / \ N\

ternatives E'-, u_,; / / \. \\
Ny /. N\ N
st/ /. N\ BN
L J/ Ne 7N
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o 2™ Maximum >N

0.1
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Il
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I
s 2 1
10° 10° 10 Sin22913

Large values of 8;3 = SMALLER CP asymmetries

Oscillation
Basics

CC event rates per 100kT.MW.yrs (1 MW.yr= 1 x 10?! p.o.t) for
sin? 2613 = 0.1, 6, = 0, NH:

[ Expt [ v CC ] v CCosc [ vy NC [ wvebeam [ vy — ve | vy — vr |
Soudan 735km 73K 49K 1.3K 820 1500 166
Ash River 810km 18K 7.3K 360 330 710 38
Hmstk 1300km 29K 11K 500 280 1300 130

Need exposures of 100kt.MW.yrs INDEPENDENT of baseline

Summary 10/37



Beams vs Baselines. Neutrinos, NH

735km, NuMI LE at Soudan 810km, NuMI ME at Ash River
Long Baseline v, CC spectrum at 735 km, A m2,= 2.4e-03 eV? v, CC spectrum at 810 km, AmZ,= 2.4e-03 eV?
Physics with 0000] - 0000]
LBNE- sin?26,,= 0., n/a
Homestake
and

- 0
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=
g
=

5in?28,,= 015, =12
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=
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Beams vs Baselines. Anti-neutrinos, NH

735km, NuMI LE at Soudan

Long Baseline Anti-v, CC spectrum at 735 km, A m?,= 2.4e-03 eV
Physics with

810km, NuMI ME at Ash River

Anti-v, CC spectrum at 810 km, A m?, = 2.4e-03 eV *
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LAr Detector Performance Parameters

Long Baseline
Physics with
LBNE- Parameter Range of Value Used for

Homestake Values LBNE Sensitivities

and

Alternatives l For v. CC appearance studies ‘
ve CC efficiency 70-95% 80%
v, NC mis-identification rate 0.4-2.0% 1%
v,, CC mis-identification rate 0.5-2.0% 1%
Other background 0% 0%
Signal normalization error 1-5% 1%
Background normalization error 2-10% 5%

l For v, CC disappearance studies

v,, CC efficiency 80-95% 85%

Experimental v,, NC mis-identification rate 0.5-10% 0.5%

Aeauiiiterns Other background 0% 0%
Signal normalization error 1-5% 5%
Background normalization error 2-10% 10%

13 /37
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With a 34 kT LAr-TPC. 700kW 5yrs, v, NH

Events / 250 MeV

735km,

v, Spectrum

NuMI LE at Soudan

810km, NuMI ME at Ash River

5 6 7 8
Neutrino Energy (GeV)

SG: (1386,1338,1011), BG: 1135

1300km, LBNE LE at Hmstk

v, Spectrum

Normal Hierarchy
160 Beam: 120 Gev, 700kw

5 years of v running
140 sin’(20,) = 0.1
120

— Signal + Bg, 5., =0"

—_ signal + Bg, 3, = 90°
— Signal + B, 8, = -90°
[Jv.cceg
[JvanNceg

[ Beam v. Bg

1 2 3 a

5 6 7 8
Neutrino Energy (GeV)

SG: (1366,1157,889), BG: 317

Events / 250 MeV

v, Spectrum
200,
2 o] M Beam Baseline ~ 73 — Signal + Bg, &_,=0° 3 NOVA Beam, Baseline = 810 km
2 Normal Hierarchy sinai + 89, 500 || = 180) Norma Hierarchy
S 2000  Svesor v g 3 5 years of v running
< Sin“(20,) = 0.1 —— Signal + Bg, 5, =-90°] & 160 Sin®(26,,) = 0.1
2 Jv.ccen 2 140 p— D
@ NC B @ — signai+ -
H [ v.NeBg Z 120 Signal + B, &, = 90
[ Beamv.8g — Signai +Ba, 5,
100
[v.cces
80 [JvaNcBg
60 [ Beamv. By
40
20
e
1 2 3 4 o1 2 3 4

5 6 7 8
Neutrino Energy (GeV)

SG: (758,673,497), BG: 278

2500km, LBNE pME (580m DP)

T T T T T
— signal+Bg, 8,0,
— signal+Bg, &,

T T
v, Appearance

— Signak+Bg, 3_,=-Tv2, N=930
[l V. CC By, N=36

[ Beam v, Bg, N=74

[ v. NC By, N=43

HHAHE

9,.)=0.1
580m DP, @2500km

1 2 3 a 5 6 7
Neutrino Energy (GeV)

: (777,559,427), BG: 153 , ..
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With a 34 kT LAr-TPC. 700kW 5yrs, 7, NH

Events / 250 MeV

Events / 250 MeV

735km, NuMI LE at Soudan

v, Spectrum

810km, NuMI ME at Ash River

v, Spectrum

i Boam. Baseine - 735 —— Signai + B9, 5, -0
___ Signal + Bg. 3.,.= 90°
——— Signal + Bg, 8, = -90°
[Jv.+v.cceg

] v.+V.NCBg

[ Beamv, +v, 89

Normal Hierarchy
5 years of ¥ running
Sin“(20,) = 0.1

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

SG: (398,512,502), BG: 644

1300km, LBNE LE at Hmstk

v, Spectrum
0
3 Normal Hierarchy

— Signal + Bg, 5., =0"
Beam: 120 GeV, 700kW Signal + By, 5, = 90°
5 years of v running e

sin’(20,) = 0.1

_ Signal + Bg, 80, = -90°
E [Jv.+v.cceg

E [ vu+v.NCBg

E [ eeamv, +7, 80

a
-]

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

SG: (250,327,353), BG: 176

Events / 250 MeV

Events / 250 MeV

NOVA Beam. Baseline = 10 km
70 Normal Hierarchy
5 years of ¥ running
sin?(26,) = 0.1
60 (26,.)
— Sonai+Bg. 5o 0"
50 — signal + Bg, 8, = 90°
—— Signal + Bg, 5,
40
[ v,+v.cceg
30 [ Jv.+v.NCBg
[ Beamv, +v, 89
20
10
= e S S S N N B S|
o 1 2 3 4

5 6 7 8
Neutrino Energy (GeV)

SG: (161,213,228), BG: 136

2500km, LBNE pME (580m DP)

T T T T T
— signal+Bg, 3,0,
— signal+Bg, 3,
mode —_ SignakBg, 8,=-172, N=27
[V, cC Bg, N=13

[ Beam v, Bg, N=4

[ v. NC Bg. N=7

T T
v, Appearance

sin*(20,.)=0.1
580m DP, @2500km

E . E|
1 2 3 a 5 6 7
Neutrino Energy (GeV)

SG: (3,38,52), BG:
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Estimation of MH and CPV Sensitivities using

GLoBeS

Long Baseline . e _ege . .
Physics with We estimate the significance o with which we can

Lt = 1) exclude the opposite mass hierarchy and
Homestake

and 2) exclude 6, = 0 or w (CPV)

Alternatives

m A True appearance event spectrum is generated for a given value
of dcp, sign(Am?).

cering m o= \/?, where x? is the smallest value we get comparing the
ommittee True event spectrum with several Test event spectra. The Test
: spectra are minimized w.r.t to the known 3-flavor oscillations
and the nuisance parameters using Gaussian constraints.

Group)

m For MH significance the Test spectrum is generated with
+|Am3;| and all values of dcp.

m For CPV significance the Test spectrum is generated with
dep = 0,7 and £|Am3,|.

Oscillation and nuisance parameters and uncertainties used:
617 = 0.593 + 0.018, 653 = 0.705 & 0.078, 013 = 0.154 + 0.005

Am3; = 7.58 4 0.23 x 10~°% eV2, Am, = 2.35 + 0.12 x 1073 eV?

Matter density: PREM model with 2% uncertainty

Sensitivities

1% signal and 5% background normalization uncertainties

Summary 16 /37



Resolution of the Mass Hierarchy and CPV with

sin”26;3 = 0.092 + 0.005 constraint (M. Bass)

Long Baseline

Physics with bkt LAr
LBNE-

Homestake Mass Hierarchy Significance vs §sp CPV Significance vs §
and 5kt, NH, 8,5=0.154(4) 5kt, NH(IH considered), 91356:.154(4)
Alternatives 16 T T T T T T 8 T T T T T T T T
LBNE 5kt, 10yrs LBNE 5kt, 10yrs
Ash River 5kt, 10 yrs - Ash River 5kt, 10 yrs -
14 r Soudan 5kt, 10 yrs 1 7r Soudan 5kt, 10 yrs - 1
5 NOVA 14kt, 6 yrs T NOVA 14kt, 6 yrs
o 12F 1 © 6 B
14 e
g ]
g 10r 1 £ s5¢ g
5 5
n 8+ 4 D4t i
. I 2
Group) = % 3 o
g 6f 1 - 3
g 5
% . /X\ g .l |
w i
2 b 1r
0 L e 0 P T
-1 -08-06-04-02 0 02 04 06 08 1 -1 -08-06-04-02 0 02 04 06 08 1
Spp/n dnp/n
Sensitivities are calculated for each experiment independently.
Sensitivities No constraints from NOvA or T2K 14kt NOvA = 5kt LAr at A.R.

17 /37
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Group)

Sensitivities

Summary

Estimated MH Significance (c)

Mass Hierarchy Significance vs §sp
10kt, NH, 85=0.154(4)

T

"LBNE 10kt, 10yrs
Ash River 10kt, 10 yrs
14 r Soudan 10kt, 10 yrs
NOVA 14kt, 6 yrs

0 P
-1 -08-06-04-02 0 02 04 0.6 0.8
Spp/n

Sensitivities are calculated for each experiment independently.

No constraints from NOvA or T2K 14kt NOvA = 5kt LAr at A.R.

10kt LAr

Estimated CPV Significance (o)

8
"7 "LBNE 10kt 10yrs —
Ash River 10kt, 10 yrs -
7r Soudan 10kt, 10 yrs - 1
NOVA 14kt, 6 yrs
6L ]
5L ]

Resolution of the Mass Hierarchy and CPV with

CPV Significance vs 3cp
10kt, NH(IH considered), 91370 154(4)

0 . . .
-1 -08-06-04-02 0 02 04 06 08
dnp/n

sin”26;3 = 0.092 + 0.005 constraint (M. Bass)

18 /37



Resolution of the Mass Hierarchy and CPV with

sin”26;3 = 0.092 + 0.005 constraint (M. Bass)

Long Baseline

Physics with 15kt LAr

LBNE-

Homestake Mass Hierarchy Significance vs §sp CPV Significance vs 3cp
and 15kt, NH, 815=0.154(4) 15kt, NH(IH considered), 91370 154(4)
Alternatives 16 T T T T 8 T T T
LBNE 15kt, 10yrs LBNE 15kt, 10yrs
Ash River 15kt, 10 yrs - Ash River 15kt, 10 yrs
14 r Soudan 15kt, 10 yrs - 1 7r Soudan 15kt, 10 yrs - 1
O o
o 12F 1 © 6 B
g g
g ]
g 10r 1 £ s5r ]
> 5
%) »
Group) = o
O
£ 1 E . ]
d i
4 1 ]
0 P 0 . T
-1 -08-06-04-02 0 02 04 06 08 1 -1 -08-06-04-02 0 02 04 06 08 1
Spp/n dnp/n
Sensitivities are calculated for each experiment independently.
Sensitivities No constraints from NOvA or T2K 14kt NOvA = 5kt LAr at A.R.
19 /37
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Resolution of the Mass Hierarchy and CPV with

sin”26;3 = 0.092 + 0.005 constraint (M. Bass)

Long Baseline
Physics with
LBNE-

34kt LAr

Homestake
and

Mass Hierarchy Significance vs §sp
34kt, NH, 8;=0.154(4)

CPV Significance vs 3cp
34kt, NH(IH considered), 91370 154(4)

Alternatives 16 T T T T
"LBNE 34kt, 10yrs "LBNE 34kt, 10yrs
Ash River 34kt, 10 yrs -~ Ash River 34kt, 10 yrs -~
14 Soudan 34kt, 10 yrs - 1 Soudan 34kt, 10 yrs - 1

eering
ommittee

Group)

Estimated MH Significance (c)
Estimated CPV Significance (o)

0 P 0 .
-1 -08-06-04-02 0 02 04 06 08 1 -1 -08-06-04-02 0 02 04 06 08 1
Spp/n dnp/n

Sensitivities are calculated for each experiment independently.

No constraints from NOvA or T2K 14kt NOvA = 5kt LAr at A.R.

Sensitivities

Summary 20 /37



MH vs Exposure with sin® 20;3 = 0.092 + 0.005

constraint (M. Bass)

Long Baseline

Physics with Assumes 6.0 x 10%° p.o.t/yr:
LBNE-

. — S MH Significance vs Exposure
Homestake Mass Hlerarchyzglgmﬂc?nce vs dcp 015=0.154(4)
and ; 137 1:1 viv-bar years
Alternatives " LBNE Skt 10yrs NH —— 5 T T . T
LBNE 5kt, 10yrs, IH - LBI\ITE';‘nIiEn’(\‘NHHblHMSZ) —
Ash River NH,5=m/2
4+ Ash River min(NH,IH,3)
Soudan NH,d=g/2~
Soudan min(NH1H,3) -
s
g ° 1
e
S
£, 1
. L o . . .
-1 -08-06-04-02 0 02 04 06 08 1 50 100 150 200 250 300
Scpln Exposure (kt*years)
Ability to resolve MH for (NH/IH, 6, > 0/ < 0) is limited with NuMI
Sensitivities LBNE resolves MH at 30 unambigously for exposures > 150 kt. yrs.

21/37
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Combination of NOvA, T2K and NuMI LAr. (G.

Rameika)

Long Baseline
Physics with .

{BNE“ NOvA: NuMI ME (343yrs) + NuMI LE (5+5) yrs
Homestake T2K: 7y|’S at 300 kW.

and ags o
Alternatives MH and CPV sensitivies
With no T2K or NOvA with T2K and NOvA
‘ Significance of Mass Hierarchy and CP § = 0,  : sin 28, - 0.092 | [ signiicance of Mass Hiorarchy and CF s 0, x: sn'2s,,~0.092_|
P .
N ——orelb P
H e s § T outan- 0 kTshovass
5o s I s il it
_E’ 7! E 7 ‘Soudan - 15 KT+NOVA,515 + T2K.
@ @
(<Y
5 e 5
S p: ZaN
d [\ d GRS Y, AN
, o AR 7
- NVAD! ¢ ) A \ 7/ \
/A R s
] -05 “‘\,bss 05 - o5 05 05 o

MH could be resolved at 30 for 75% &, with T2K+NOvA .

14kt NOvA = 5kt LAr at A.R.

NB: Gina’s significance ~ 1.25X LBNE significance

Sensitivities

Summary 22/37



Long Baseline
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LBNE-
Homestake
and
Alternatives

Group)

Sensitivities

Summary

CPV vs Exposure with

sin”26;3 = 0.092 + 0.005 constraint (M. Bass)

Opposite hierarchy is considered in x2

CPV Significance (50% 8¢p Coverage) vs Exposure CPV Significance vs
NH(IH considered), 8,3=0.154(4) 34kt, NH(IH considered), 613:5.154(4)
1:1 vv-bar years 8 N
5 . : LBNE 34kt, 10yrs ——
LBNE —— Ash River 34kt, 10 yrs - -
Ash River - T Soudan 34kt, 10 yrs -+ 1

Significance (o)
Estimated CPV Significance (o)

0 I I I I I 0 PR — PR —
100 200 300 400 500 600 -1 -08-06-04-02 0 02 04 06 08 1

Exposure (kt*years) SeplT

To resolve CPV at > 3o for 50% of d,
LBNE: 200 kt.yrs. Soudan: 1200 kt.yrs. Ash River: 800 kt.yrs
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CPV vs Exposure with

sin”26;3 = 0.092 + 0.005 constraint (M. Bass)

Long Baseline Assume MH is resolved for all dcp
Physics with

LBNE- CPV S|gn|f|cance 50% d¢p Coverage) vs Exposure CPV Significance vs d
Homestake 13_8 154(4) 34kt, NH, 613=0.154(253
and llvvbaryears 8 R
AR 5 : : LBNE 34kt, 10yrs ——
LBNE —— Ash River 34kt, 10 yrs - -

Ash River - TF Soudan 34kt, 10 yrs -+ 1
Soudan_ -+ B

] © 6 9
o
c
8

g £ sy 1
@ T )
Group) 8 0
g 3
E | o
k= °
£
@
b w

0 . . . . . 0 L L
100 200 300 400 500 600 -1 08-06-04-02 0 02 04 06 08 1
Exposure (kt*years) SeplT
Sz To resolve CPV at > 30 for 50% of 4.,

LBNE: 200 kt.yrs. Soudan: 500 kt.yrs. Ash River: 400 kt.yrs
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dcp and B3 resolutions (E. Worcester)

Long Baseline

Physics with —_
LBNE- 2 2004 34 KT LAr ——— LBNE 1300 km NuMi LE 735 km
Homestake E n Normal Hierarchy NuMI ME off-axis 810 km NuMI ME 2500 km
and 31507 5+5 years of v+% running LBNE bMIE 2500 km
Alternatives o H 1o Contours - y
o - S
[+ - v /_&)
< 100— by
C b
50 : =
o é P
_ RS
-50— <\\
C X
-100 Q
E =3 \
150 |
1 1
0 051 6
sin“(20, )

Sensitivities

Independent measurement of 613 with similar accuracy to Daya Bay

Summary Requires baselines > 1300 km 25 /37



CP and 613 Resolutions vs Exposure (E. Worcester)

Long Baseline 735km, NuMI LE at Soudan 810km, NuMI ME at Ash River

Physics with
LBNE- 1 60f NuMI LE Beam T 60f Numi ME Beam
Homestake § [ Soudan: 735 km =%k ash river: 810 km
and S1a0f S1a0f
i ngO: §120:
Alternatives S0 S 2
100 100
8o h 80— B
60% - ° 6o~ - s ° g
Pri=E. N - - N ° - a0 [ ¢ . : : s .
E R B H 5 E A - <
20 M . H H 20 s 2 H H H
ob L I I I I I ob L I I I I I
50 100 150 200 50 300 50 100 150 200 250 300
Exposure (kT-years) Exposure (kT-years)
Group)
1300km, LBNE LE at Hmstk
[P carveveye—
= Homestake: 1300 km
Sia0
2 £
120
100
80—
60§
a0l H 5
E s g 8
o - H H H H 8
20p H H H H B
P ot I I I I |
Sensitivities 50 100 150

200 250 300
Exposure (kT-years)

LBNE does NOT need external constraints for exposures > 60 kt yrs.
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Comparisons of LBNE with T2HK

Long Baseline LBNE: 34kT LAr 700kW 10yrs. T2HK: 560kT WCD, 1.66 MW, 10yrs

Physics with

et 7 T e v IE,(EGOME.\,%1 5yrs\\ ﬂ@ 1.66MW
e O T (NN
Alternatives 3 M —
S 26
Bishai u10() N
IR ENCA0)C)(GHE
=
177 (@S =DY,
-50 —
/\ /_\
- QOO
.EE N [ Normp! Hierarchy
[P I S I R o=y et = | ‘

004 006 0.08 01 012 01

g D4 006 008 01 0.2
Sensitivities S|n2291 3

Final phase of LBNE is competitive with T2HK

Summary
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Long Baseline
Physics with
LBNE-
Homestake
and
Alternatives

Sensitivities

Summary

Measuring Am3;, sinZ 20,3

v, and v, disappearance measurements.

P(vp — vu) ~ 1 — sin® 2623 sin?(1.267 Am3, L/E)

Vu spectrum

- Unoscill

Oscillate

ated

d

o TETETTE
Visible energy (GeV)

0

2

spectrum ratio

o 1.4,

@ E

512

HE skt

E 0.6:—+ 1, +++++

704 4| L+

S0z, r
% o

Visible energy (GeV)
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Long Baseline
Physics with
LBNE-
Homestake
and
Alternatives

ommittee
Physi

Group)

Sensitivities

Summary

Disappearance Spectra - Neutrinos (Z. Isvan)

Events / 250 MeV

Events / 250 MeV/

735km, NuMI LE at Soudan

e Py
 Diappearance E
Beam 120 Gov, 700w — Signaleg, N-40255
Vears v.mode E

N 73k Soudan - [ N 8o, v-ss2

= :
.
. E
- E
- - E
- - E
I 7

Neutrino Energy (GeV)

1300km, LBNE LE at Hmstk

T T T T T T
. Disappearance
Beam: 120 GeV, 700kW

— signal+Bg, N=9101

[, v so. w0

+
+
+
+
- -+

- - P

— . . . . | .

T B B 7 5 g 7

Neutrino Energy (GeV)

Events / 250 MeV

Events / 250 MeV'

810km, NuMI ME at Ash River

ARsRARS L
v, Disappearance
Boam; 150 Gev. 7004w — Signaisag, N=5041
SYears v-mode
NUMI 810km Ash River v e a. n=as
++
+ +
+
. -~
-

e B e |

R R 7

Neutrino Energy (GeV)

2500km, LBNE pME (580m DP)

£ T T
E v Disappearance

- Beam: 120 Gev, 700kw
5 years v-mode
@2500km

++
P
+

— Signal+Bg, N=3183

[ ve e, vesa

+ +
+ A+
Hp + AT
- Hatt -
juadIN L L L L L L
T

Neutrino Energy (GeV)

Observe detailed oscillation structure at baselines > 1300km .
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Long Baseline
Physics with
LBNE-
Homestake
and
Alternatives

m Zeller

(for the

Group)

Sensitivities

Summary

Disappearance Spectra

735km, NuMI LE at Soudan

NN @ oW
S B 8 &
8 & 8 &
S 5 5 38

1500

Events / 250 MeV

1000

T T T T T T
7, Disappearance

Beam: 120 Gev. 700kW
5 years U-

Nuwi 735K Ash River

— Signal+Bg.
[, NC Bg. N=53
[ V. cC Bo. N=6335

Neutrino Energy (GeV)

1300km, LBNE LE at Hmstk

Events / 250 MeV/

T T T T T
— Signal+Bg. N=5028
[, NC Bg. N=33

[ V. C Bo. N=1646

T
9, Disappearance
Beam: 120 GeV, 700kW
5 years v-mode

LBNE 1300km

Neutrino Energy (GeV)

Anti-Neutrinos (Z. Isvan)

Events / 250 MeV

Events / 250 MeV'

810km, NuMI ME at Ash River

T T T T T T

v, Disappearance

BBam: 120 Gev. 700kW
5 years V-

RUM 10K Ash River

— signal+Bg,

[, ne Ba,

[ V. cC Ba. N=912

R
+
R
- i VAT NN
=
1 2 3 a 5 6 7

Neutrino Energy (GeV)

2500km, LBNE pME (580m DP)

T T T T T 3
— Signal+Bg. N=1527
[, NC Bo. N=18
[ V. C Bo. N=365

£ T T
9, Disappearance
Beam: 120 GeV, 700kW

5 years v-mode

580m DP, @2500km

++
+hy
v
+ +*
o et
e

Neutrino Energy (GeV)

Observe detailed oscillation structure at baselines > 1300km .
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LBNE measurement of atmospheric parameters (R.

Guenette)

Long Baseline

Physics with Assumes 7.3 e20 p.o.t/yr:
theay MINOS 2012

Homestake

and Am?,(v) = 2.32+0-120.08(stat. + syst.)103eV?, sin?(20) > 0.90(90%CL)
ICUEEITS Am2,(7) = 2.627%3 (stat.) £ 0.09(syst)103e V2, sin?(20) > 0.75(90%CL)

Mary Bishai,

Sam Zeller

LBNE-Hmstk: sin® 203 = 1.0, Am3, = 2.41 x 1073 eV?:

14 174
3(sin®20,3)  §(Amd) | 8(sin®2023)  5(Am3,)
x1073 eV? x1073 eV?
30 kt-yrs LAr 0.012 0.034 0.018 0.054
50 kt-yrs LAr 0.010 0.028 0.015 0.045
75 kt-yrs LAr 0.008 0.023 0.012 0.035
170 kt-yrs LAr 0.005 0.016 0.008 0.024

Measurements with sub-percent precision in final phases

Sensitivities

Summary 31/37



Long Baseline
Physics with
LBNE-
Homestake
and
Alternatives

Mary Bishai,
Sam Zeller
(for the

Group)

Sensitivities

Summary

Impact of the 623 Octant. (E Worcester)

v, Spectrum

L=810km, NuMI ME 14mrad off-axis

v, Spectrum

200,
3 250[[ T T A e e S e e R e e
= orma Hierare orma1 Hierarch
= phr— — sinalesg.0,-saxf 5 250 s cr i
g ” 0 1 8. 5 years of v running
S sin'@o) = 00925, —— signai+sg 0, =sse| & ain?(26,) = 04
g [v.coss 2 140 —
& 10 g whees 2 — Soni+ 80, 5,
] seamv.o 0 T g, 500
[Jv.cces
100 80 [ Jv.Nceg
60 [ Beamv, By
5 Vary 623 octant o Vary dcp
20
o1 2 3 4 5 6 7 s o1 2 3 4 5 6 7 8
Neutrino Energy (Gev) Neutrino Energy (GeV)
L=1300km, LBNE LE
v, Spectrum v, Spectrum
3 2°°H5awr car riomestake, Lone LE Beam e 3 °F Nomarrerarcn
3 Tomestore LoRE LE Bea Signal +8g.0,- 204 B v — Sonai g,
= 180 Normal Hierarchy signal + 89,0, ~s31:| = 160f] Beam: 120 Gev. 700kw Signal + 55,
3 5 years ot v running ) 5 years of v running
R 160 sin‘eo,) -0092.5, =00 — signai+sg.e,=ase| R 140 cin’(20.) = 0.1 —__ Signal + Bg,
P B
£ 140) [Jv.cceq R [Jv.cceg
g Jv.nceg g CJvinceg
Beamv, By Beam v, Bg
100 . .

5 6 7
Neutrino Energy (GeV)

5 6 7
Neutrino Energy (GeV)

Larger spectral differences on-axis help break degeneracies
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Resolution of the 0,3 Octant - LBNE 34 kT

Long Baseline
Physics with
LBNE-
Homestake
and
Alternatives

true sin® 2013

6>3 octant sensitivity
0.02 | WBB, 120 GeV, 5+5 yrs

Detector @ L = 1300 km

B csa ke GLOoBES 2010
001 ‘ ‘ ‘

35 40 45 50 55
Sensitivities true 6,3 [°]
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New Physics in v, /,, Disappearance

Long Baseline Phys.Rev. D82 (2010) 113010:

Physics with Pl =im ) ~
LBNE- ( B *‘) ) AMZ = Am?;.z{l T sin20 er [Vo| (4B, /Amdy) +
Homestake o f| Amdy — i i
and 1 —sin ( R + €ur|Ve| L‘) - (10) +(Eu71"}-)2 ) (:GIE;,,«‘Am%Q)):’} oan
Alternatives v
T T T o1 P |
Lo s
- 15 sin?20409 Earth fantle P
S % 10 Eomm- |Bw= 005 P
Committee ) F == |tw=-015 —
h = 5L == |Bw=025 N
orking 25 L -
Group) o e
= e L Lhymul 7
< L
[ 2 Y
= /
FIREE / ]
= Vi
w
| 1 1 | | |
1 2 5 10 20 50 100 200
E, [GeV]
Mann A.W. et al., arxiv 1006.5720
Beyond PMNS Oscillations at larger E,, (longer baselines) = larger effects
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Expected Limits on Non-Standard Interactions in

LBNE with 34kT LAr

L ) NC NSl discovery reach (30 C.L.)

ong Baseline
Physics with T
LBNE- sn?260i4¢ =0
Homestake only onee # 0 at atime 7
and Left/right edges: Best/worst arg(e)

Alternatives
LAr 334kt @ 1300 km e
120 GeV, 5+ 5yrs

2" max. only

<—| 1% max. only Jem
<—| both maxima

T T

S Excl. by current bounds .

€

=

sl

GLOBES 2010 |
1078 1072 107t 10°
True |

Beyond PMNS Requires precision determination of 3-flavor oscillation parameters

Summary
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Long Range Interactions

roneBaceling Phys.Rev. D84 (2011) 013009

Physics with

HLBNEf Cases with o’ = 1.0, 0.5,0.1 x 10~%2 corresponding to thick solid,
omestake dashed, and dotted curves, respectlvely
Alternatives ]_|.(:|::|_........ S
IEEIJE
% 1000
Fi 800
T 600
B |
2 4onl
15 {)
iy
2001
Nk

E(GeV)

Requires long baselines and detailed spectral information
Beyond PMNS
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Summary and Conclusions

o B The Ash River site (or other NuMI off-axis sites) was optimized for
hysics with

LBNE- 013 appearance at small values, but the surface location, lack of
Homestake

and spectral information and smaller event rates are not well matched to
Alternatives a broad physics program.
Ny (EHElie, m Resolution of the mass hierarchy at 30 for most d., cannot be

Sam Zeller

achieved by a single NuMI experiment. Combination with T2K
and NOvA (16 yrs running) are needed. LBNE-Hmstk can
resolve the mass hierarchy unambiguously for 90% of J., values
with =~ 100 kt.yrs.

m Evidence of CP-violation (30) for 50% ., values in a
single experiment requires > 200 kt.yrs of exposure of
LBNE-Homestake with NO external constraints. NuMI options
require > 800 kt.yrs with a tight 613 constraint and > 400 kt.yrs
with both MH and 613 external constraints

m LBNE-Hmstk final stage with 34kt is the most competitive with
T2HK for measurements of d,, 613.

m LBNE-Homestake enables a broad long baseline physics program
that extends beyond 3-flavor oscillation = unique capabilities
compared to competition. 37 /37
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