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s The Long Baseline Neutrino Experiment

LBNE Physics A Long Baseline Neutrino Experiment (LBNE) from Fermilab to megaton
andiBan scale detectors at Homestake is now being designed. CDR late 2010.
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LBNE

3 100kT models Small prototype in the NuMI

=~ 55m diameter, ~ 60m height beam. Hand scanning and prelim
60K 10" PMTs/module (25% automated MC studies (Tufts U.,
coverage) Yale).

Known technology 2 — 3X SuperK High efficiency and purity

Higher backgrounds, low efficiency  Requires 100X scale-up - unproven.




smominve  Physics with 1, — ve at 1300km

LBNE Physics

Q?Dd Beam Appearance probabilities of v, — ve at 1300km for different values of the
esigns

CP phase:
. .2
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CP effects largest E, < 3 GeV.



smominve  Physics with 1, — ve at 1300km

LBNE Physics

Q?Dd Beam Appearance probabilities of v, — ve at 1300km for different values of the
esigns

CP phase:
Reversed Hierarchy, sin® 26013 = 0.02
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Matter effects large E, > 1.5 GeV.



smominve  Physics with 1, — ve at 1300km

LBNE Physics
arlsd Beam Appearance probabilities of v, — ve at 1300km for different values of the
cSEn CP phase:

Normal Hierarchy, sin? 26;3 = 0.001
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ve appears from solar term at E, < 1.0 GeV = measure sin’(6>3)



BROOKSAEN Sample Appearance Rates (no detector simulated)

LBNE Physics Long baseline accelerator v, — v, appearance. 300 kT. MW. yr:
d B .« 2 .
agesige:sm — sm2 2613 = 0.02, 6, = 0, normal hierarchy
—- sin® 2013 = 0.02, ., = 7, normal hierarchy
—- sin? 2013 = 0.02, 6, = —m/2, reverse hierarchy
WBLE 60 GeV at 1300km, 0° off-axis

-2, .
— sin‘20 =002} Pl ‘normal hierarchy

—— sin’2 0025 .7, rormal hirachy

Physics with
v, — e at
13’50km

g
sin'R 0025 st

+,signat CC event/o.2G eV/(600 MW 1E7s KTon)

1

Energy (GeV)

A wide-band beam at 1300km
V. Large detectors (100 kT+) + powerful beams (MW) (v + ) needed!

Wide-band beam spectral information = resolves degeneracies



""““"'ﬁ""" Precision measurements of v, appearance

LBNE Physics Using a wide-band beam HIGH ENERGY beam:

and Beam whble120 disappearance 1300km / Okm

Designs - - -
m T humu CC osc (104.906.25.601)

jﬂ H'W\ mmuce  (198.217,90-130)

!
VAR

1 1
2 a 6 8 10 12 14 16 18 =20
Energy (GeV)

v, rates: 4000 unosc CC/10kT/MW.yr (102 POT), 2000 osc
CC/10kT/MW.yr

Assuming lepton universality 0 (v,)/0°®(vu,e) = 1.0:

We expect 1280 v, CC/10kT/MW.yr > 3.2 GeV

m For a smaller LAr detector we can see 100’s of v, appear
(compared to 3-4 events in DONUT and ~ 10?7 in OPERA)

m For water Cerenkov v, QE interactions followed by 7 — p, e will
produce an excess of single lepton events at-multi GeV- energies:

Events (evt/GeV/MW.1E7s/kTon)

-
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BROOKSNGEN Measuring Am%2 and Arﬁ%z

LBNE Physics —Vy---Uy
and Beam numu s¢ disappeared 1300km / Okm anumu 66 disappeared 1300km / Okm
Designs
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Physics with
vy — vr

&=

1CC events, oscillated (evt/GeV/(MW.1E75)/kTon)
1 CC events, oscillated (evirGeVIMW.IET sikTon)

Energy (GeV) Energy (GeV)

Neutrino running Anti neutrino running

m Separation of QE v, 7, interactions is possible in a
non-magnetized detector - using p lifetime and cos 6,,, angle of
the outgoing muon w.r.t beam (MiniBoone Nucl. Phys. Proc. Suppl. 159,
79(2006)).

DUSEL LB experiments = the best measurement of Am§2 and Aﬁi%z
vy, 7, disappearance provide precision tests of CPT, sterile neutrino
models, Lorentz violation...etc.



sRooii  Beam Requirements for LBNE Physics at 1300km

LBNE Physics
and Beam We are designing a 20 YEAR program:

Designs

Physics topic Beam characterisitcs
CPV E., = 0.5 — 4 GeV, significant flux at 1 GeV
low ve contamination
Mass hierarchy E, =1 — 10 GeV, more flux at higher energies
v, appearance E, =3 — 10 GeV
peak E around 4-5 GeV
Physics with Am%z/Alﬁgz E, =1—10 GeV
S completely cover two maxima
623 octant E, = 0.2 — 1.5GeV NO v > 2 GeV

small low energy v. contamination
New physics searches  High energy vs (100’s of GeV)?
Near detector physics ?

Not possible with a single wide-band beam! We must design a
tunable beam: primary proton energy 15-120 GeV, ability to put in
different focusing systems (massive 100m superconducting
solenoids?), change configuration of target/focusing system.




ooy FNAL beam power and energy

LBNE Physics
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Primary Proton Energy (GeV)

700 kW at 120 GeV is the CD1 baseline
BUT CURRENT beamline design is for 2 MW at 60-120 GeV

120



BROOKSAEN Focusing system alternatives

LBNE Physics
andE Beam Two INDEPENDANT efforts on focusing system designs

Designs

M. Bishai Fluka05/GEANT3 (NuMI) @ B. Lundberg MARS (T2K)

Target Area - Side View

3 [ i :‘ :‘

= M. 'l i o v
e A — = =5
beam options : ' E L ¢ . K\I
considered : : '

T : :
———
4m

Both designs use fully embedded carbon targets and similar horn 2

In a 2 horn system, optimal separation = 6m (both designs)



sRooii  Beam spectra from 2 alternatives

LBNE Physics Using a decay pipe of 4m diameter and 250/280m (T2K/NuMl)
and Beam

Besizis decay length ON AXIS flux :

Flika type-55, 50 K, 120 GeV, Z<360m, Re2im, CC ate | Energy | Emrie';”*fs o
- E Mean 6803
o I E
2wl 0_45:_ RNMS 5177
. ]
o 04
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Simulation | 0.8 GeV Rate Peak Rate (E) 6 GeV Rate
120 GeV CC events/GeV /kT/1E20 pot at 1300km

T2K-like 1.7 4.6 (2.0 GeV) 0.6
NuMI-like 1.2 6.2 (2.4 GeV) 1.3




BROOKSAEN Assessing beam design options for v, — v,

LBNE Physics R . . .
and Beam | estimate the NC spectrum for each beam option by using a simple

LESEns exponential to parameterize the E, — E,;s obtained from a NUANCE

simulation. E,; is based on the total visible energy of particles above
Cerenkov threshold:

120 GeV 60 GeV
DUSEL 120 GeV, NuMl homs 250kA, beam plug, 280m tunnel. NC background DUSEL 60 GeV, NuMl horns 250KkA, 280m tunnel. NC background
5 — — 5 3
: 4 ] b — e
8 = —— NG, 15<E <3GeV 8 vNC, 15<E <3GeV
g N T INC3<E ‘6GeV 4oL e WNC.3<E S6GeV
£, VNC, B<E "< 10GeV £ WC 6<E<10GeV
F= —— VNG, 10<E < 15GeV § 1 NG 10<E < 15GV
= L NG E > 13GeV s Rt ! —— WNCE > 15GeV
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GOAL: maximize the total v. appearance signal rate

AND S/+/B at the 2nd oscillation peak



BROOKSAEN Optimization options considered

LBNE Physics
and Beam
Designs

Starting from a 2-horn NuMlI-like focusing system, | considered the
following optimization options:

m Strategy 1: Increase low energy flux at the oscillation maximum
through improved:

1a) Size, material, position w.r.t horn 1
1b) AGS horn design, NuMI horn design, horn
material, horn separation, horn currents

S 1c) 60, 90, 120 GeV

beam options ld) Diameter, Iength

considered

m Strategy 2: Improve S:B at low energies by reducing high energy
tail using:
2a)
2b)
2c)
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List of Simulated 2-Horn Beams

| considered over 20 variations on a 2 horn beam design using NuMI

and AGS horn designs in order of the increasing total v. CC

appearance rate at DUSEL (per MW). Option 10 is the default:

Ep+ Target horns decay pipe other
1 120 C 2.lg/x:m3 R=6mm L=80cm NuMI Al dZ=6m, 200kA R=2.0m L=380m
2 120 C 2.1g/cm3 R=6mm L=80cm NuMI Al dZ=6m, 250kA R=2.0m L=380m 0.5° o.a.
3 120 C 2.1g/cm3 R=6mm L=80cm NuMI Al dZ=6m, 200kA R=2.0m L=380m tgt z+20cm
4 120 C 2.1g/cm3 R=6mm L=80cm NuMI Al dZ=6m, 250kA R=1.5m L=380m
5 120 C 2.1g/cm3 R=6mm L=80cm NuMI Al dZ=6m, 250kA R=2.0m L=280m
6 120 C 2.lg/t:m3 R=1cm L=80cm NuMI Al dZ=6m, 250kA R=2.0m L=380m
7 120 C I.Sg/cm3 R=6mm L=80cm NuMI Al dZ=6m, 250kA R=2.0m L=380m
8 120 Be l.E)g/(:m3 R=6mm L=80cm NuMI Al dZ=6m, 250kA R=2.0m L=380m
9 120 C 2.lg/cm3 R=6mm L=80cm NuMI Al dZ=6m, 250kA R=2.0m L=380m Beam plug
120 C 2.lg/cm3 R=6mm L=80cm NuMI Al dZ=6m, 250kA R=2.0m L=380m
90 C 2.1g/cm3 R=6mm L=80cm NuMI Al dZ=6m, 250kA R=2.0m L=380m
120 C 2.lg/cm3 R=6mm L=80cm NuMI Be dZ=6m, 250kA R=2.0m L=380m
60 C 2.1g/cm3 R=6mm L=80cm NuMI Al dZ=6m, 250kA R=2.0m L=380m
120 C 2.lg/cm3 R=6mm L=80cm NuMI Al dZ=6m, 250kA R=2.0m L=480m
120 C 2.1g/cm3 R=6mm L=80cm NuMI Al dZ=6m, 250kA R=2.5m L=380m
120 C 2.1g/x:m3 R=6mm L=80cm NuMI Al dZ=10m,250kA R=2.0m L=380m
120 C 2.1g/cm3 R=6mm L=80cm NuMI Li dZ=6m, 250kA R=2.0m L=380m
120 C 2.1g/cm3 R=6mm L=80cm NuMI Al dZ=6m, 250kA R=2.0m L=380m tgt z-20cm
120 C 2.lg/cm3 R=6mm L=80cm A1IN2 Al dZ=6m, 250kA R=2.0m L=380m
120 C 2.1g/cm3 R=6mm L=80cm NuMI Al dZ=6m, 350kA R=2.0m L=380m



SRR  O_Horn Beam Options Rates and Backgrounds

LBNE Physics Using a simplified WCe detector response we can approximate the
agdes?ge:sm signal rates and NC backgrounds in various bins. Thus we can
compare the different beam options:

v, Appearance Rates, various DUSEL beam options DUSEL Beam Options Signal/sqrt(Background)
0

T T > T T
¥ Total 056 GeV 2 | ¥ Total 0.5-6 GeV

5 801 @ 0515Gev(xi0) B E ool ®#OFLECEV (10) °
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= vy =]

= A 3.0-60GeV v’ 3 [ A 30600ev o v
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Recap of 3D vev ., . £ 3o—l""." Y L A9

. = L]
beam options © 40Fe e ®0 g0 ¢ e LZ) v Y ¢ m
. — [ ] g A

considered T am ll.l.’ ot < al s .,
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f_ﬂ L
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© o 10 |
A A
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(@]
o L L 2 0 L L
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Beam Option Beam Option

Option 20: highest horn current = highest appearance rate

Option 13: 60 GeV beam best S/v/B



smookiruen VVater Cerenkov spectra for NuMl-like beams
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with a 280m DP length

LBNE Physics 120 GeV, 250kA

and Beam

120 GeV, 350kA

Designs = 129075750 10® PoT, 300kT WCh _ signal + bkg: _ = 12°[75,730 10 PoT, 300kT WCh _ signal + bkg: _
3 normal hierarchy — ECP:*‘LS (827) 3 normal hierarchy — 5::;*‘;5 (1098)
1 100 [- S0 20,,=0.04 t 3= 0 (950) 3 100 -5 20,,=0.04 t 8.,=0 (1249)
S — 3.p=—45 (1083)| & — 8.,=—45" (1397)
B background: 3 background:
S so N an 464) | & 8o N an (612)
o B beam v, (214) i}

¥ beam v, (239)

neutrino energy [GeV] neutrino energy [GeV]

Recap of
par 60 GeV, 250kA, 0.75x beam power

beam options

ez = 29070 45 107 PoT, 300kT WCh _ signal + bkg:
3 normal hierarchy — Bp=+45° (567)
© 100 sin®26,,=0.04 } 3..=0° (665)
s — 3e=maS (776)
=) background:
S 80 X an (286)
w

¥R beam v, (143)

60

neutrino energy [GeV]
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v 30, 2 w30 2 [ e 30,2
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Mark Dierckxsens

Sensitivities for various NuMI-like beam options
with a 280m DP length

Default: 120 GeV, 250kA, no plug, 3+3 MW.yr
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LBNE Physics
and Beam

Sensitivities for various NuMI-like beam options
with a 280m DP length

Mark Dierckxsens

Designs . 2 o
sin“ 26013 # 0 mass hierarchy op 0,7
18— 10— 180——=
& [ v+, 300 WCh & [ v+, 300WCh & [ v+, 3000 WCh
L s 107pt L s e L s 10Peo P
F—_ 2 F— 2 F— 2
mr— ngwm mF— ggmwm of — ggvlmm) :‘ =
H 2 [ 2 4 A
Budo Eea TEe L AN
60F i) 60p- \
o 0 0:’
6] -0 a0F
Sensitivities L
Eor various ik ) 1F
eam options [
! AW ! { E ! !
B 10° 107 7 10° 10° w 10° 107 '
sin' 28, Sin' 28, sin' 28,

Best S/v/B but 3/4 power: 60 GeV, 250kA, no plug, 2.25+2.25 MW.yr
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Sensitivities
for various
beam options

Sensitivities for various NuMI-like beam options
with a 280m DP length

Mark Dierckxsens

.2 q
sin“ 26013 # 0 mass hierarchy Op # 0,7
10— 0= 10—
v+, 300kt WCh g v+, 300kt WCh 2 [V 300kt WCh
30+3010”PoT O L a0 © L a0 //
10— 30,250 | 1200 — 30,2 1200 — 30,2
— gm0 ‘ = g bmy0) F gm0 { (
e 30 2 e 30 2 [ 30,2 y
~ 5g bM< ~ 5 Bmy<0) [ 5 Bm<0)
60 ¢ 60 60 \
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60 60 0
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gl Cod b i M E il
&(H 0’ Fh S (N 0’ w? w 0’ 17 w0
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Largest signal: 120 GeV, 350kA, no plug, 343 MW.yr
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Sensitivities
for various
beam options

Sensitivity summary

Background systematic uncertainty = 5%

Minimum value of sin? 26;3 at 3o sensitivity:

Option Exposure | 013 # 0 hierarchy CPV
(MW.yr) all dp all 8 50%0dc,
Project X
60e250i002dr280dz* 7477 0.004? 0.011? 0.010?
120e250i002dr280dz 7+7 0.004 0.014 0.012
700kW beam (at 120 GeV)
120e350i002dr280dz** 3+3 0.006 0.025 0.017
60e250i002dr280dz* 3437 0.006? 0.017? 0.019?
120e250i002dr280dz _plg5 3+3 0.007 0.021 0.019
120e250i002dr280dz 343 0.007 0.021 0.021
60e250i002dr280dz 2.25+4-2.25 | 0.007 0.020 0.022

*Sensitivity was calculated for 0.75 beam power and scaled by

1//0.75

**There are islands developing in the mass hier/CPV sensitivity. |
suspect its due to the worse S/\/E at the 2nd peak where you can no
longer resolve ., when there is a deficit in P(v, — ve).



BROOKSAEN Ve appearance at low energies

LBNE Physics
and Beam 3
Designs Current beam designs do not have enough flux at low energy to see v

appearance due to the solar term and measure sin®023 - we can use this to
determine whether 023 is maximal:

Appearance probability with Am%l WCe appearance signal with 813 = 0
P(u,e) at 1300 km ]
-, "?°F; 30 10" PoT, 300KT WCh_signal + bkg:
0.06 c“g‘ I normal hierarchy — b.=+45° (462)
A 100;5i"2 26, =0 } 5.=0 (462)
__ard
0.05 ‘v‘ , ;_ r b— k6CP- 4: (462)
Effect of A m g L ackground:
‘ > 8 80 N all (423)
0.04 w % beam v, (208)
0.03 sin’(20,,) = 0.04 60

0.02

=

LBNE physics 0.0:
at low energies

\
A

Ll
0 1

6 510 1 2 3 4 5678910
Brett Viren, 2009/10/02 E, (GeV) neutrino energy [GeV]
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Harold Kirk, BNL

LBNE Physics Novel focusing systems can enhance low energy flux:

and Beam
B

Designs

Proton Beam —

—
Target - -

Hom and Solenoid Collection
0.0001

E Solenod —— | £ v, Spectrum
= Hom b 1e-06
& 8e05 d £ Solenoid ——
= 60 GeV Proton Beam | 5 = Horn
[¢] g % 8e-07
[ < =
& 6eos o 1)
E s & 6e-07
3 2 £
& 4e05 [} N
s » ? 4e.07
2 8 4]
€ 2005 £ H
g i £ 2607
3 =
. 2 e 3
LBNE physics 0 = 0
at low energies 0 2 4 6 8 10 0 2 4 6 8 10
Neutrino Energy, GeV Neutrino Energy, GeV

PROS: Tapered SC solenoids will produce MORE flux per POT
CONS: 30-100m long, focuses both v, /7,



BROOKENEN High power low energy beams?

LBNE Physics
and Beam

Designs Some Project X designs could produce 1MW at 8 GeV:

i DUSEL 120 GeV numu CC rate
Project X e Ffrom End Linac
000 kW 8GeV Linad

28 Kiystrons (2 types)
461 SC Cavities
58 Cryomodules

DUSEL 120 GeV numu CC rate

DUSEL 120 GeV NC rate

MiniBooNE CC rate x 10

MiniBOONE NC rate x 10

5 Craumodiies

4
oader ToR TR | TR ToR [ToR ToRToR

1300 MHz LINAC

s schids

222IITTIIITIT

The MiniBoone flux/POT can be boosted by 2-3 (?) X by using more
efficient focusing and the longer decay volume

Event rates/GeV/Mt.MW.yr at 1300km

ey

7 5
CC/ E ,,NC GeV

LBNE physics
at low energies

Proposal: Combine running different beam energies from 8-120 GeV

We can improve S/+/B at 2nd maxima AND access solar oscillation



snookiumn VW Ce response

NATIONMAL LABORATORY . . .
from Chiaki Yanagisawa

LBNE Physics The current WCe simulation is based on SuperK MC with a single
agdes?ge:sm ring selection tuned to work with the high energy LBNE beam which
produces large 7° backgrounds from NC at low energies:

SuperK pre-selection eff. Log-likelihood post-selection eff.
Super-K pre-selection DLH selection

1.00 T T T T 050" T T T 1
r —v,CCsignal [ —v,CCsignal ]
[ —nNC ] [ —NC ]

L 4 040
- 075 hl - [ ]
(%) r 1 o L 4

c c
[} [ 1 (7] r 1
8 r 1 &8 o3 b
= 050 =1 P L 4
E=] [ 1 E=] r 1
3 r 1 3 020 B
2 1 8 f ]
Q L 4 L7} r 1
(7] n t 1
025 — b 4
r 1 010 -
LBNE physics [ 1 ; W
at low energies 0.00 0.00 L L L L
] 1 2 3 4 5
E, (GeV) E,.... (GeV)

A dedicated low energy beam lowers background

— higher WCe detector efficiency



BROOKSAEN Summary and Conclusions
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Beam power mau be limited to 700 kW for CD1 BUT, we can
increase the flux of neutrinos/POT using SMART,
INNOVATIVE BEAM DESIGNS AND MATERIALS.

We are NOT redesigning NuMI or T2K .

m We are designing a 20 YEAR PROGRAM.

m Increasing flux at 1st oscillation maxima improves sin? 26013 and
mass hierarchy sensitivity, but compromises CPV. Combine runs
with different beam energies (8-120GeV)?

m Maximizing LBNE physics flexibilty Requires different energy
wide-band beam configurations. We have not yet considered the
best combination needed in our beam designs.

m What kind of beams are needed to access new physics in
neutrino interactions with matter? We may need to consider
LBNE with > 120 GeV.
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