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Summary of calculations

® The proposal and calculations for a long baseline program

with high intensity super beams and very massive detector
were done by MD in 2001-2002.

® Detector and beam performance have been subject of
intense scrutiny over last few years. (Mary Bishai, Mark
Dierckxsens, Chiaki Yanagisawa, Ed Kearns, etc.)

® New calculations contain detailed beam simulations, and
detector performance based on SuperK simulations; for
Liquid argon assumption is a near perfect detector.

® There are many avenues for optimization beyond the initial
calculations from nearly a decade ago. The initial
calculations were most likely conservative.
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sROOKAAUEN  Beam Requirements for LBNE Physics at 1300km

LBNE Physics —

ags?;;m We are designing a 20 YEAR program:

Mars Blhal Physics topic Beam characterisitcs

E\J:;t:tht CPV E, = 0.5 — 4 GeV, significant flux at 1 GeV

e low 17, contamination
Mass hierarchy E, =1 — 10 GeV, more flux at higher energies
'+ appearance E, =3 — 10 GeV

‘ peak E around 4-5 GeV

Physics with Am%z/Alﬁgz E, =1 —10 GeV

R completely cover two maxima
f23 octant E, = 0.2 —1.5GeV NO v~ > 2 GeV

small low energy . contamination
New physics searches  High energy vs (100's of GeV)?
Near detector physics 7

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.
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FNAL beam power and energy
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700 kW at 120 GeV is the CD1 baseline
BUT CURRENT beamline design is for 2 MW at 60-120 GeV
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BRODKHAG Focusing system alternatives

NATIOSAL LABORATORY

Lir:dE g:fm'“ Two INDEPENDANT efforts on focusing system designs
Designs

Mary Bishai. | M. Bishai FlukaO5/GEANT3 (NuMI) § B. Lundberg MARS (T2K)

Brookhaven

National Lab
Target Area - Side View A

i T Y- LEX X

beam options
considered

s b 10m

Both designs use fully embedded carbon targets and similar horn 2

In a 2 horn system, optimal separation = 6m (both designs)
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ooy Beam spectra from 2 alternatives

LBNE Physics Using a decay pipe of 4m diameter and 250/280m (T2K/NuMl)
e decay length ON AXIS flux :

Fluika typesSE, 250 ki, 120 GeV, Z+38Im, Rsdm, COC rate _Energy | am';""fﬂm |
- C Mean 6803
g ossf | LTt |
. s
g o4 [/
= E (N 120 GaV
% - J — B0GeV1%0
g NuMI aafE (1 T2K
: oasf- | L]
.5. ot
Recap of ¢ | 0.155—_ \ ha
beam options 01'_. "rh - .
considered El o LT e .
\.‘_\NWNA 0.051 ™y . W UL .
l\‘w’m : BN D e b -\'.1"--\.:-'T‘"{"r’}'{'k‘m"‘-y']~;r.t;‘;‘-4.?l
T N T R T R R B T L
£ GeV
Simulation | 0.8 GeV Rate Peak Rate (E) 6 GeV Rate
120 GeV CC events/GeV /kT /1E20 pot at 1300km
T2K 1.1 4.6 (2.0 GeV) 0.6
NuMI 2.2 6.2 (2.4 GeV) 1.3
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BRODKHAVEN Optimization options considered

LBNE Physics
and Beam
S Starting from a 2-horn NuMI-like focusing system, | considered the
'Fj” L;‘bq following optimization options:
O L m Strategy 1: Increase low energy flux at the oscillation maximum
through improved:
1a) Size, matenial, 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 1d) Diameter, length
considered

m Strategy 2: Improve S:B at low energies by reducing high energy
tail using:
2a)
2b)
2c)
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BROOKHAVEN

NATIOSAL LABORATORY

LBNE Physics
and Beam
Designs

Mary Bishai,

List of Simulated 2-Horn Beams

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

and AGS horn designs in order of the increasing total 1. CC

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

E e kh?'-"é'” Eps Target horns decay pipe other
MR 1 120 C 2.1g/cm’® R=6mm L=80cm __ NuMI Al dZ=6m, 200kA _ R=2.0m L=380m
2 120 C 2.lg/cm3 R=6mm L=80cm NuMI Al dZ=6m, 250kA R=2.0m L=380m 0.5° o.a.

3 120 T lg/cm R=6mm L=80cm NuMI Al dZ=6m, 200kA R=2.0m L=380m tgt z+20cm
4 120 C2 lg/cm R=6mm L=80cm NuMI Al dZ=6m, 250kA R=1.5m L=380m
5 120 C 2.1g/cm® R=6mm L=80cm NuMI Al dZ=6m, 250kA R=2.0m L=280m
6 120 C 2.1g/ecm® R=1cm L=80cm NuMI Al dZ=6m, 250kA R=2.0m L=380m
7 120 C 1.8g/cm® R=6mm L=80cm NuMI Al dZ=6m, 250kA R=2.0m L=380m
8 120 Be 1.9g/cm® R=6mm L=80cm  NuMI Al dZ=6m, 250kA  R=2.0m L=380m

Recap °f_ 0 120 C 2.1g/cm?® R=6mm L=80cm NuMI Al dZ=6m, 250kA R=2.0m L=380m Beam plug
":’;‘:g‘dﬂf”s 10 120 C 2.1g/cm® R=6mm L=80cm  NuMI Al dZ=6m, 250kA  R=2.0m L=380m
11 00 oy lg/cm R=6mm L=80cm NuMI Al dZ=6m, 250kA R=2.0m L=380m
12 120 ey lg/cm R=6mm L=80cm NuMI Be dZ=6m, 250kA  R=2.0m L=380m
----- 13 60 C2. lg/cm R=6mm L=80cm NuMI Al dZ=6m, 250kA R=2.0m L=380m
14 120 C2. lg/cm R=6mm L=80cm NuMI Al dZ=6m, 250kA R=2.0m L=480m
15 120 C2. lg/cm R=6mm L=80cm NuMI Al dZ=6m, 250kA R=2.5m L=380m
16 120 C 2.1g/cm® R=6mm L=80cm NuMI Al dZ=10m,250kA  R=2.0m L=380m
17 120 C 2.lg/cm3 R=6mm L=80cm NuMI Li dZ=6m, 250kA R=2.0m L=380m

18 120 o & lg/cm R=6mm L=80cm NuMI Al dZ=6m, 250kA R=2.0m L=380m tgt z-20cm
10 120 o & lg/cm R=6mm L=80cm A1N2 Al dZ=6m, 250kA R=2.0m L=380m
20 120 C 2.1g/cm® R=6mm L=80cm NuMI Al dZ=6m, 350kA R=2.0m L=380m
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srookinve  D_Horn Beam Options Rates and Backgrounds

LBNE Physics Using a simplified WCe detector response we can approximate the
a'[‘)‘is?:r‘:s"‘ signal rates and NC backgrounds in various bins. Thus we can
ol compare the different beam options:

Vary Bishai
Brookhaven
National Lab
v, Appearance Rates, various DUSEL beam options 2 2 DUSEL Beam Ogptions Signal/sqrt{Background)
L) L L L) l I L L L L L L L I L L L L >. L L L) L I L L I L) L L) L I l L L L L)
" W Total 0.56 GoV y - - | ¥ Toti 0.56GoV :
;_~ aad ® 0.515GeVx10) % | E a0 09 0.51.5GoV (x10) ¢
§ | W 1.53.0GeV S W 1.520Gev o i
- I v’ b § - el S h ¢ |
o 800 - "l YereYyey - B QO o o 2 ! = 9 - 3 = —'
8 I A ¥ o ] = B Y Y v "3
< E o d

Recap of > SR ., ° o d,? ofavE Vye® ¢ % i ;_I

beam options B «ofe o ®° oof _Eetoe, RE* |y ¥ pledalsd,

considered § - ® | "N | 0 ja] » . % E . .

ot " m = | mm B = . - 8. 20} ) H
B - ’ - = [ 1
QO 2w = 2 ol
O 5 - .Q) 10.— . —
- w
> B 1 © E !
' 1 O
o 1 1 L 1 l 1 1 L 1 1 1 1 1 l L 1 1 1 -0 o 1 1 1 L I 1 1 1 L 1 L 1 1 | L 1 L 1
0 5 10 15 20 7 0 5 10 15 20
Beam Option Beam Option

Option 20: highest horn current = highest appearance rate

Option 13: 60 GeV beam best S/vB
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oo~ VVater Cerenkov spectra for NuM|-like beams

SALIOSAL LABOUSATORY

with a 280m DP length

LBNE Physics 120 GeV, 250kA 120 GeV, 350kA

and Beam 120 120
Designs = " F v, 30 10" PoT, 300kT WCh 8-0-'--! + bhg: - —F v, 30 10" PoT, 300kT WCh :wl - bhe:
R " mormal hisrarchy Bepmed5%(827) | R [ mormal hisrarchy p=+35” (1098)
3 100 [-=n" 20, = 0.04 | 6 -O"‘ (950) | 5 4pp f-=in 20, =004 6 p-O" (1249)
Mary Bishali = — Bom—4S (1083) S o — Eom—ag (1357)
Rrookhaven g R b.gkground g B b.ckground
yFrooxKnaven > sof (464) o sof (612)
National Lab (e B i QE =l v, (214) | & B % i v, (239)
oF 1. cof
— J -

I 1B "

210" 1 > 3 4 5 6 78910 5210 4 5 6 7 8910

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

beam options

considered — 120 45 107 PoT, 300kT WCh _ =inal + bhe:

(B [ normal hierarchy >y 6«“9“45 (567)
3 100 [_zin” 20,,=0.04 | 3.=0° (665)
= B — 6Cp-45’ (776)
> B background:
5 sof S oall (286)
vy E ¥ beam v, (143)

sof- H]

a0 TE | }

- L
20
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neutrino energy [GeV)
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sooxingen.~ O€Nsitivities for various NuMI-like beam options
R with a 280m DP length

LBNE Physics
and Beam Mark Dierckxsens

Designs R .
sin“ 26013 # 0 mass hierarchy Ocp # 0,7
Mary Bishai
Brookhaven 1 - .\ 10 - 0 =
‘L_f -'-L.Iﬂv 21 sm ‘,‘v'mvo‘ ; ; Sm' V‘\'.mnm‘ Em_ V#i,mm‘
\National Lab w » AW w [ » > | § -
w0 [\ C 3040 10PoT 30430 10% PoT /
o= fuon | ||| o= Eebo o= suin (7
L AUN gLl gui-IL U
oF OI:- 0:'
af 4 0
Sensitivities : :
for various - | - -
beam options 12 | ~120 -1
| .
180" ALl o — gt . _ 3
0 10° 10° , 10 o 10° 10° , 10 o 10° 10° L, 10
s’ 24, sn° %, S,

Default: 120 GeV, 250kA, no plug, 3+3 MW.yr

Monday, November 9, 2009



sooxigey.~ O€Nsitivities for various NuMI-like beam options

NATIOSAL LABORATORY

with a 280m DP length

LBNE Physics
and Beam Mark Dierckxsens
Desi : :
i sin 26013 # 0 mass hierarchy dp # 0,7
Mary Bishai 0 (80
EJ;ruHaLmt ] v+v. 300K WCh e [ V47, 300K WCh
IILTHELD T a5 10%paT “ T s 10%por
D =— 3 2 120 = 342
A= Hump0) A= oum>0)
— 5 A0 g AM<0)
8 iy
i/ or
S 50
Sensitivities : :
for various B
beam options o }x i
AW -"
1 llllllll L1 l.l 1 L oiu : 1 llllllll 1 llllllll Lo ruuy
T 10? 0w =T i 0w 18 1 0w
sin’ 29, sin’ 28, Sin° 2,

Best S/+/B but 3/4 power: 60 GeV, 250kA, no plug, 2.25+2.25 MW.yr
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srooingen.~ O€Nsitivities for various NuMI-like beam options
with a 280m DP length

NATIOSAL LABORATORY

LBNE Physics
and Beam Mark Dierckxsens

o sin’ 2613 # 0 mass hierarchy Ocp # 0,7

Mary Bishai.

srookhavel : j 1&_ = 1&, =
ﬁjtff, e [ f B 3 e lerhi " H e aa
lonal 30430 102PoT - 3043010 PoT
~ o 2 [~ — ) 2
D= ¥ ump0) M s hme
: :— w 2 \
G B SGLSrn,;:(l)
iy ar
oF oF
s 0 \A
Sensitivities : I\
for various | O B ‘=
beam options P\ -120 120 /o
-1 - — -1 : : o
, B?o‘ 10* 10° , 10 a?o‘ 10° 10° , 0
s, s, i 2,

Largest signal: 120 GeV, 350kA, no plug, 3+3 MW.yr
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BRODKHAY

NATIONAL |

LBNE Physics
and Beam
Designs

Mary Bishai,
Brookhaven
National Lab

,,,,,,,,,,

Sensitivities
for various
beam options

| RNE ohvsics

ABORATORY

Sensitivity summary

Background systematic uncertainty = 5%

Minimum value of sin? 26013 at 30 sensitivity:

Option Exposure | 613 # 0 hierarchy CPV
(MW.yr) all dp all d¢p 50%d¢p
Project X
60e2501002dr280dz* 7+77 0.0047 0.0117 0.0107
120e2501002dr280dz T+7 0.004 0.014 0.012
700kW beam (at 120 GeV)
120e3501002dr280dz** 3+3 0.006 0.025 0.017
60e2501002dr280dz* 3437 0.0067 0.0177 0.0197?
120e2501002dr280dz_plgh 3+3 0.007 0.021 0.019
120e250:1002dr280dz 3+3 0.007 0.021 0.021
60e2501002dr280dz 2.25+2.25 | 0.007 0.020 0.022

*Sensitivity was calculated for 0.75 beam power and scaled by

1/4/0.75

**There are islands developing in the mass hier/CPV sensitivity. |

suspect its due to the worse S/v/ B at the 2nd peak where you can no
longer resolve d, when there is a deficit in P(r, — 1e).
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Numbers produced last year with other

beam conditions.

Beam Det size Exposure syst. uncert|sin® 2613 sign(Am%l) CPV
(FIDUCIAL) v+U on bkgd

NuMI/HStake 100kT 7T00kW 2.6+2.6yrs 5% 0.018 0.044 > 0.1

120 GeV 100kT IMW 3+3yrs 5% 0.014 0.031 > 0.1

9mrad off-axis 300kT IMW 3+3yrs 5% 0.008 0.017 0.025

300kT IMW 3+3yrs 10% 0.009 0.018 0.036

300kT 2MW 3+3yrs 5% 0.005 0.012 0.012

300kT 2MW 3+3yrs 10% 0.006 0.013 0.015

NuMI/HStake 100kT IMW 3+3yrs 5% 0.012 0.037 >0.1

60GeV on-axis 300kT IMW 3+3yrs 10% 0.008 0.021 0.037

300kT 2MW 3+3yrs 5% 0.005 0.013 0.015
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FIG. 8: Measurement of d., and sin® 20,3 with a 300kT fiducial detector with a 2MW beam 3+3
yrs. The left plot is for the 120 GeV 9mrad off-axis wide-band beam and the right plot is for a 60

GeV on-axis wide-band beam. Normal hierarchy and 5% bkgd systematic are assumed.
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8 GeV running ?

Current beam designs do not have enough flux at low energy to see e

5% :
appearance due to the solar term and measure sin“623 - we can use this to
determine whether 623 is maximal:

Appearance probability with Amgl WCe appearance signal with 847 = (
Plu,e) at 1300 km 5 =
o 1200 30 107PaT. 300KT WCh signal + bkg:
0.06u :3 nermal hierarchy =l +45" (462) DUSEL 120 GeV numu CC rate e e e
H © 100 sin"26_.=20 l b..=0 (462) E C -—=—=— DUGEL 120 GeV NC rate
oosH ki — b =-45 (462) 360000:_ T i o
Eftect of A m? s background: = T e ke
oz 5 g = all (423) & 50000
0.04 @ [ 0 peam v, (208) > E
-E:. 40000
. o . an 60 5 4]
Sin<(20..) = 0.04 =
0.03}- - 330000:‘,
i L 1] g
B ‘ : , § 40 ‘ = 20000
0.02f- | [ _sin@,) =0:9 e g H
Z‘ t—7 | A &}++? & 1oooc;r
0.01F [\ 20 R w& - S
kK " \ v . -l | — :—'—-*‘_.“"‘[-‘\—-F~ P .
AN B3 =0 e | ——
0-1 ol ; 1 |~|.- =1 | SR [y g ] [T 0_,,",'_,.-”.: A O R e ST s ENCC/E“.NCGQV
1 2 3 4 5 8 510" T o
Brett Viren, 20001082 E. (GeV) neutrino energy [GeV|

® Need MW class 8 GeV beam. Could go

after the solar term with a few hundred
events.
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Conclusions

® A lot of simulation work has been done since the
initial proposal. The beam related work is now quite
advanced. The detector optimization has started.

® Conclusion is that the sensitivity for CPV could be

pushed down to sin?20,3~ 0.0 where it gets
limited by background.

® This requires a very large detector (300 kT for
water and 50-100 kT for liquid argon) with a |-2
MWV class beam. The precision on the CP parameter

is independent of sin%203




