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Qutline

® MINOS long baseline experiment.

® Results focussed on electron neutrino
appearance.And prospects.

® Quick review of 0,3
® Measuring CP violation in neutrino sector.

® Description of plans for a new experiment
with beam from FNAL to Homestake.
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Brief review of oscillations

Assume a 2 x 2 neutrino mixing matrix.

Vq cos(#)  sin(6) 2

v | —sin(f#) cos(0) Vo

Va(t) = cos(0)vq(t) + sin(6)vo(t)
Plv, — 1) = | <wplralt) > |?

= sin?(0) cos?(0)|e— B2t — —iE1t|2
Sufficient to understand most of the physics:

5 1.27((m2 — m?)/eV?)(L/km)
(E/GeV)

P, — ) = sin? 26 sin

5 1. 27(Am? /eV QJ[LHMHJ

(E/GeV)
Oscillation nodes at w/2,37/2.57/2, ... (7/2): Am? = 0.0025eV?2.

E=1GeV . L = 494km .

P[;uﬂ — Vo) = 1 — sin® 26 sin
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Matter effect arises from a difference in
interaction amplitudes between different
species of neutrinos.

Charged Current Neutral Current
for electron type only for all neutrino types

Additional potential for v, (7.): £v2GpN,

N, 1s electron number density.
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Oscillations in presence of matter

[
{Eﬂf — RQH(IJm} -+ Hmat(ﬂ_f)

d
o d Ve 1 m? 0 V23 i Ne 0 Ve
e O B G QD AT (A ) | )
(3)
.2,
sin” 20 LAM?* [ %
P, .= % Sin’ / (a — cos 26)2 + sin? 26
T (o 0s 26 — a)? + sin® 26 1E VY |
a = 2V2EGpN./Am*

(4)

X

7.6 x 107° x D/(gm/ec) x E, /GeV/(Am? /eV?)
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Matter effect with 2-neutrinos

P (mu - e) With matter 3 gm/cc

0.2 —
0.15
0.1
| No matter
0.05]
x /. Energy
2 3 4 5 GeV

Osc. probability: 0.0025 eVA2, L= 2000 km, Theta=10deg
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http://hitoshi.berkeley.edu/neutrino
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MINOS (Main Injector Neutrino

Oscillation Search) Far detector
~5 k'Ton

eConventional muon neutrino beam
from charged pion decays.

* Near detector is at |1.04 km from
target (Fermilab) and far at 735 km
(Minnesota).

Madison
a]

*Measure spectra at near and far to
search for muon neutrino
disappearance or electron appearance.

Fermilab
e

735.340 km —*T
12 km

beam and
near detector

Argonne * Athens * Benedictine * Brookhaven ¢ Caltech * Cambridge * Campinas * Fermilab
Harvard ¢ Holy Cross  lIT ¢ Indiana * Minnesota-Twin Cities * Minnesota-Duluth « Otterbein
Oxford ¢ Pittsburgh ¢ Rutherford « Sao Paulo * South Carolina * Stanford * Sussex * Texas A&M
Texas-Austin ¢ Tufts « UCL « Warsaw * William & Mary
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Horn focused muon neutrino beam

Absorber
Target : \
e Target Hall Decay Pipe U =

protons o ”t‘ .
PIOVULUILD R Bgiedl -1
N v SISO HRSTHHES
: I EEEeER =
From #1 wt R RS,

Muon Monitors

[EIB

Main Injector Horns #2 Tt > LB\ ,[J_+_ /] y+ l)u
T——HE ESSH P SRR P s =
675 m Rockl Rock Rock
. 5Sm
Hadron Monitor 2m_ 18m _ 210m
MINOS Preliminary
ML BN LR LR BN B B
® |20 GeV protons from Main Injector 25 MINOS Near Detector -

® Parabolic magnetic horns to sign select pions.
Target can be moved to change beam energy.

® |0 psec pulses/2.2 sec, 3.3x10'3protons/pulse

Events / GeV / 10'® POT

® Beam:Vvy~ 91.7%, anti-vy~7%, Ve~1.3%

® V,and anti-Vy measured. Ve constrained to
~10% with tuned Monte Carlo.

s Low energy beam (x2)

o High energy beam

g —— Tuned MC
9 — Fluka05 MC

10 15 203050
Reconstructed neutrino energy (GeV)
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MINQOS Detectors

Massive
1 kt Near detector (small
fiducial)
o *5.4 kt Far detector
& «Similar as possible
esteel planes
: 2.5 cm thick
TR N, o *1 Muon ~ 27 planes
W, T e 1.4 radiation lengths
escintillator strips
Y N M *1 cm thick
ar Detector g | L v   '~ ,.5 4.1 cm wide
[ B tate S M | eMolier radius ~3.7 cm

e\Wavelength shifting fibre
optic readout

Multi-anode PMTs

Magnetised (~1.3 T)




MINOS Event Topologies (MC)

V.CC Event
v,CC Event €

-

Hadrons

-
. "
an
.........
o

long u track+ hadronic
activity at vertex

NC Event

e

Hadrons Hadrons

short event, often diffuse

short, with typical EM
shower profile
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Analysis Challenge for v«

* Construct a selection algorithm to reject
background and select V e

* Measure the background spectrum in the near
detector.

* Use near detector measurement to predict far
detector background.

* Minimize dependence on Monte Carlo.

* Carry out blind analysis. Check background
estimates with independent samples.
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Selecting Ve events

» Basic cuts to ensure data quality:

® Beam quality and detector quality cuts.

e Fiducial volume cuts:

® Cosmic rejection cuts based on steepness.
® V. preselection cuts to reduce background.
® V. selection cuts based on shower topology

-°

Preselection requirements: vy CC vy CC
Track length < 25 planes.
Track like length < 16 planes.
Reconstructed energy 1-8 GeV.
At least one shower and 4
contiguous planes with > 0.5
MIP energy units.

Ve

B

NC NC

Signal/Background 1:55 Signal/Background 1:12
Before After

13
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Selecting ve Events with Artificial Neural Net(ANN)

MINOS PHELIMINAHY

Far Detector MC
. —

o
iy
|

Probability

0.05

Preselectnon
— Signal .

— Background |

O 05

1 15 2

Shower fall fit parameter (parameter b)

Far Detector MC

MINOS PRELIMINARY
T T T T

" L L
. Preselection
0.1~ — Signal -
E — Background
=
@
0
O 0.05-
m -
0— PSR R P
0 0.2 04 0.6 0.8 1

Fraction of pulse height in a narrow road

®11 variables chosen describing
length, width and shower

shape

® ANN algorithm achieves:

esignal efficiency 41%

oNC rejection >92.3%

ov,CC rejection >99.4%

esignal/background 1:4 (chooz

limit)

Primary method

Far Detector MC

Far Detector MC

MINOS PRELIMINARY

T T T

Preselectlon

0.151 — Signal
E — Background
o 0.1F 5
©
o
[
o
a -
0.05- .
00 2 4 6 8

Lateral shower spread RMS (strips)

MINOS PRELIMINARY
I Y ' |

Probability
o

o
(=)
a

Preselectlon
— Signal

— Background

I

0.5
ANN

AmZ?35=0.0024¢eV?
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Near detector selection

Near Detector MINOS PRELIMINARY Near Detector MINOS PRELIMINARY
Preselection Selected ’ 15000 Preselection il
o - - 1500
o Data | o . Data
" 3000 i = 3
% —— 20000 291000:‘
Ezooo - o :\é o gsoo*v e
= = . € 5000 =
g 1000 = el g == 0357 0.8 0.9
L = wl L LEM
1 | L l W
0% 0.5 1 0% 0.5 1
ANN LEM

* ANN selected: 5524 events/10" POT
 LEM selected: 3528 events/10" POT

* Background is composed of CC (with invisible muons), NC, and ve
contamination in the beam.

 MC does not model the absolute background well, but the CC/NC ratios
have better control. Electron neutrino Contamination well modeled.

* We also use v, charged current data with muon removed to check our
background calculation.
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Extrapolating background to FAR

x10° M MINOS PRELIMINARY

. S :
1-8:— - E 0.3F ]
co’\16i—f % 0'2-_
o 8 *MC used to correct 3
=1l *Fiducial mass 5 O
o i = ] L. i
z | *Energy smearing 05—
& 121 *CC oscillation (g% MINOS PRELIMINARY
- I ? . CANN Selected v, CC ]
10f '5”? eIf'C'de.?ny for g 04 onto cario similar for
[ ; | edetector diff. P LEM -
i i ] : o 03r .
°%0 2 4 s % 10(612\/)14 16 18 20 *Fibers g ; 1
v, Energy(se _ ° < 0.2 .
Beam extrapolation r.eadout S :
*light level T oMb SR -
egain calibration e ]
0 2 4 6 8

*Cross talk, etC- Reconstructed Energy (GeV)

ANN far = 5524 (near) X 1.3 10-° X 4000 ton/29 ton X 3.14 10%° POT /10"9POT
~ 31 events => further corrections => 27

LEM far = 3528 (near) X 1.3 10-° X 4000 ton/29 ton X 3.14 1020 POT /10"POT
=~ 20 events => further corrections => 22

To get more accurate answers need to separate CC (with invis. muons) and NC
backgrounds, use spectrum and account for detector differences.
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CC/NC separation

5524 evts
Near Detector MINOS PRELIMINARY
F 25 0 C T T T I T T T T T T T I T T T T T
(@) C ANN Selected ]
o r = ND Data .
2 20000 = o oo 2
o C —— Horn On/Off v, CC |
; C W beamv, CC B
S1500— | —
= C l
C | Y
210001 -
O I = Rl
B ool | _|_I_|_ ! E
= 500 | 1
o C ]
> C ! ]
L . T .
0 2 4 6 8

Reconstructed Energy (GeV)

Horn on spectrum has

both CC NC contributions

Events/0.1 G§V/1x10" POT

Near Detector MC MINOS PRELIMINARY

5000
4000/

- N
o O
o O
o O

Reconstructed in Fiducial |

— Horn-On MC
— Horn-0Off MC

P —

40 20 30

Neutrino Energy (GeV)

40

Near Detector MINOS PRELIMINARY
1000
O ANN Selected
& - ND Data

w— Horn On/Off Total

< 800 —_ Hor: On/Of Nc<’3
o v HON ON/ON v_ CC
‘; i beamv_CC
S by
-
e |
2 200 = !
< 11

0 2 4 6 8

Reconstructed Energy (GeV)

Horn off has mainly NC
because CC have longer
muons and get rejected

* Minimize dependence on MC by utilizing data with horn/off spectrum

* Calculate the CC/NC fractions using MC input: ratios of CC/NC for Hon
and Hoff and the beam contamination vein reco. energy bins.

* Statistical error from Hoff data, systematics from how well ratios are
known and stable against cuts.

* Final backg numbers are: 27+- 5+-2 for ANN, and 22+-5+-3 for LEM,
errors dominated by modeling of detector differences.
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Muon removed showers from CC

MINOS PRELIMINARY

 Allows two checks

— Independent background
calculation.

— Complete check of analysis
by looking at far events
without looking at signal.

MINOS PRELIMINARY

— - Removed Predlctlon
: -+ u - Removed Data

Preselection +

0 05
ANN
ANN (Primary):

Far Detector

W
O

Selected

N
(=)
T I T

Events/3.14x10°POT
)
T

observe 39 events
expect 29 +- 5(stat) +- 2(syst)

Events /10'° POT/ GeV

Data / MC Ratio

Near Detector .

3000;

2000

~ Std. DATA j

— Std. MC

v, Sel. ANN>0.7 |

Stat. Errors

!

1000 r

0
Reconstructed Energy (GeV)

1

10

Events /10" POT/ GeV

Data / MC Ratio

3000
2000

1000

<~ MR DATA |
—MR MC

v, Sel. ANN>0.7 |
Stat. Errors

rrrrrr

15 -
Je——

0.5 ]
0 2 4 6 8 10

Reconstructed Energy (GeV)

discrepancy between MRCC data and
MC is very similar to the discrepancy
in standard data and MC, both in
shower shape and energy. We can
correct the MC by this discrepancy.

Total | NC |v,CC|v;CC |v,beam
Hﬂ‘;’?f 27 | 18.2 | 5.1
onro 11 | 2.2
MRCC| 28 | 211 | 3.6

Two methods agree
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Muon removed electron added

¢ Adding the electron to the muon removed events, present good
agreement in PID.
e \Verification of signal selection efficiency.

Far Detector MINOS PRELIMINARY Far Detector MINOS PRELIMINARY
T ' I 1 1 — I T
5 Y preselection E L5 8o Preselection +!
A | — MRE Data ; & | — MRE Data _
$ 30 B 60 -
= —— MRE MC = | —MREMC ~
< - <
- 20 . . -
o i o
3 :
c i c
10 +
g + z
- + -
0 ! |
0 0.5 1 1
ANN LEM
e We observe a total of 159 events. ® \\Ve observe a total of 180 events.

e We expect 152+13(stat)+12(sys) events. ®\We expect 176+13(stat)=16(sys) events.

We model the signal well.
At Chooz limit expectation is 6-12 events
depending on the value of the CP phase.

19
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Signal region examination (1)
ANN (Primary Selection Method)

o

Far Detector MINOS PRELIMINARY
5 30 :_ l P_:e;s;lae::;ion l Selected R I _:
:' : === Prediction :
S n |
= 200 ++ ‘ | | + ]
: - N
) : |
a 101 T .
c | _
Q
S B |
m —

Data Excess
=
| T TTT] ITTI | T] l‘—
+
+

=&= Data Excess
w== Signal Prediction

Selected

.
>

| 11 Llll llll | ll |

0.5
ANN

Observation: 35 events
Expected Background: 27 +- 5(stat) +- 2(syst) events

Events/GeV

Data Excess

20

15

10

Far Detector

MINOS PRELIMINARY

- 3.14x10%° POT

ANN Selected

=8= Data

C Prediction

C Prediction

0 2 4
Reconstructed Energy (GeV)

6 8
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Events/3.14x102°POT

Far Detector

Vertex Y (m)

Far Data Distributions

Far Detector MINOS PRELIMINARY

T l T T T
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S
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Allowed Region

e A Feldman-Cousins method was
used

* Fit simply to the number of
events from 1-8 GeV, no shape
or correlation information used.

e Best fit and 90% C.L. limits are
shown:

 for both mass hierarchies

e at MINOS best fit value for
AmZ?;, & sin?(20,5)

 Results:

Normal hierarchy (5.-=0):
sin?(28,,) < 0.29 (90% C.L.)

Inverted hierarchy (5.-=0):
sin?(205) < 0.42 (90% C.L.)

Feldman-Cousins C.L. contours for ANN

Q
O

1_

0.5

.
]

Allowed region (Am2>0)

, o

1 I

3.14x10%° POT _
sin’(20,,) = 1.0
Am?Z] =2.43x10° eV*

4

- Best FitAm?>0 _
*** Best FitAm?<0 -
= 90% CLAmM?>0
== 90% CLA m?<0
= CHOOZ 90% CL

1l |

1 | 1 L

0.2

sin®(20,,)

04 0.6
PRELIMINARY
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Protons per week (E18)

Accumulated Beam Data

- | | | | | | | ]

— . . — 7
, > 2006w CCpublication o404, cCpub. § o, g

m v, results 16
6 :_ .......................................................... . I

= 5
5 :_ .............................................

- 4
4 :—_. .........................

- 3
3 .? .......................
, CRUP RS L N e e 2
] B g . W . , Fi

2(%5/05/02 2005/10/23  2006/04/15  2006/10/06 2007/0329  2007/09/19 2008/03/11 20080901 2009/#2/23

\ A j\ J Date
Y Y Y >
RUN I Higher RUN II RUN lli
1.27x100 POT  onrr  1.87x102 POT >3x102 POT
0.15x1020
POT
23

Total Protons (E2(})
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Future 90% CL contours
7.0 x1020 POT

Potential Feldman-Cousins C.L. contours for ANN Potential Feldman-Cousins C.L. contours for ANN
T A ' '
7.0x10%° POT 7.0x10%° POT
i sin®(20,)) =1.0 | i sin®(20,,) = 1.0
1.5 1A m2,l = 2.43x10 eV 1.5 1A m3,] = 2.43x107%eV*-
& 1 e Bost PR w20 & - —— 90% CLAM*>0 _|
“° == 90%CLAm*>0 < i ~=90% CLAM? <0 _
i ~=90% CLAmM?<0 i i
L ~— CHOOZ 90% CL - — CHOOZ 90% CL
0.5 = 0.5
% 02 o0& 0.6 % 01 02 03
i PRELIMINARY . 2 PRELIMINARY
sin“(20,,) sin“(20,,)
Future measurement if data Future limit if excess cancels
excess persists. with more data.
*\We have already doubled the data set.
*New Analysis is almost complete. Hopefully backg will be ~50 events.
*Signal at Chooz limit expected ~20. )
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e See strong energy dependent

Far Detector v, CC Data

distortion of spectrum

e Prediction using near detector

data.

e Energy spectrum fit with the

oscillation hypothesis:

P(v, —v,) =sin*(26) sin2(

1.27Am’L

E

| Am23,|=(2.430.13)x1073 eV?

at 68% C.L.

Sinz(zezg) > 0.90
at 90% C.L.

|

150[-

| T |

i J MINQOS Far Detector

* Far detector data

l 1 — No oscillations

— Best oscillation fit

1 NC background

a
TR | L Ll | Ll | - |

%

Reconstructed neutrino ener

5 10 15

203050

4.0
3.5F

3.0

IAmM?l (x10%eV?)
N N
o o

gy (GeV)

® MINOS Best Fit

Super-K 90%

[ = MINOS 90% —— Super-K LIE90%
L — — MINOS 68% K2K 90%
1 O B | 1 l | | | 1 1 | | | | | | | | | | 1 1 ]
0.6 0.7 0.8 0.9 1
sin®(26)
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Neutral Current Analysis

* General NC analysis overview:

e All active neutrino flavours
participate in NC interaction

e Mixing to a sterile-v will cause a
deficit of NC events in Far Det.

e Assume one sterile neutrino and
that mixing between v, vs and v;
occurs at a single Am?

e Survival and sterile oscillation
probabilities become:

P(v,-v )=1-0a, sin’(1.27Am°L/ E)
P(v,-v,)=a,sin’(1.27Am*L/ E)

e (o, = mixing fractions)

Events/ GeV

|

T T ] L} ) T | I 1 1 ] | I L] 1 | L I 13 13 1 T I 1

—

—— Far Detector Data -
——0;3=0 E

(&)
-

40}

ol I 913=o.21,5=3n/2§
' v,-CC Background

20} AmZ, = 2.43 x 10°eV3c* —
Sin“(26,,) = 1 E

PR B i v v v -
5 10 15 20 25 30
E eco (GeV)

Simultaneous fit to CC and NC energy
spectra yields the fraction of v, that
oscillate to vs:

P(v, =v,)
s 1-P(v, =v,)

f <0.68 (90% C.L.)‘

= 0.28772>(stat.+syst.)
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Far detector anti-v, CC Data
(using spectrum from the 7% contamination.)

* QObserve 42 events in the
Far detector

* First direct observation of

v, in an accelerator long-
baseline experiment

* Predicted events with CPT
conserving oscillations:
— 58.3 + 7.6 (stat.) + 3.6 (syst.)
* Predicted events with null
oscillations:
— 64.6 £ 8.0 (stat.) + 3.9 (syst.)

MINOS Preliminary b= Far Detector Data
- — No Oscillations -J
== CPT Conservin
% 15 — : serving
o ystematic Error
(D | - Background (CPT) |
# '
~ 1 O i argy Beam
..‘L’ Far Detector
- 3.2x10%° POT
8
LL 5+- =)
£”7_ ‘

% 5 10 15 20 30 40 50
Reconstructed v, Energy (GeV)

Multiple
Checks to
make sure
this is not
syst. e.g.
rock muons
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Comparison to 400
Global Fit “

100

MINOS Preliminary
3.2x 10 POT

* Global fit to previous data <
— Super-Kamiokande dominates %’ 40:
— Includes SK-1 and SK-Il data ™
-

— M. C. Gonzalez-Garcia & Michele s
Maltoni, Phys. Rept. 460 (2008) i =

* MINOS data excludes C\f - — 90%

previously allowed CPT < 4 — 8(9)5/70<°
— 0 )
violating regions of parameter ! 3 :
B TeE P 2| - 90% Global Fit :
space, particularly near | 99.7% Global it -
maximal mixing © 4 MINOS Best Fit .. "
P & a8 SIS w5 1 625 9 J..f"l"l':
0O 02 04 06 08 1

sin’(20)

28

Sunday, December 13, 2009



Results of Search for v, Appearance

* MINOS observes no
appearance of V in the
NuMI beam

e 1-parameter fit for a using

simple parameterisation
1.27AmzL)

P(v, —v,) = asin’(26) sinz(

(6 and Am? set to CPT conserving case)
* Uncertainty fromV /v,
cross section ratio
* Result: limit fraction, a, of
events transitioning from
v, to Vu:
a < 0.026 (90% C.L.)

e —————————— e p—

“MINOS Preliminary: 3.2 x 10%° POT |
Low Energy Beam =

w

\

——————

Exclusion (o)

e e e e e e e e e

002"‘4"6 8'10
Transition Probability (107)

29
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Dedicated Vu

Running

Plan to reverse current in

NuMI magnetic horns to
focus " from September

* create aV, beam

MINOS can directly observe
v, disappearance at 7o with

5x10%° POT

* rapidly reduce the
uncertainty on Am?Z,,

oS O o
N NN (00] -
| I B I IS IS | l | I | l | L || I B 5 |

Flux x 6. (Arbitrary Units)
o
)]

L AL PR L P LR
Near Detector
Simulated

Low Energy Beam |

—_V, Reverse
V Reverse

v, Forward

o S MINOS Preliminary

ane —

2

True Energy (GeV)

90% v,, Sensitivity

|

—_— ?2-:10‘ POT v,, Mode
— 1.0x10" POT ¥, Mode"
— 2.0x10™ POT ¥, Mode |
~~~~~ 4.0x10% POT ¥, Mode
oo 65,0610 POT ¥, Mode

MINOS Preliminary
Low Energy Beam

b 02 04 06 08 1

sin®(20)

ﬂﬂﬂan;

T R T

—
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Summary so far

 MINOS has analysed 3.2x10%° POT of beam data (>6.6x10%°
POT data now taken)

e Muon neutrino disappearance
— |Am2,,| = (2.43%0.13)x10-3 eV2 (68% C.L.)
—sin?(20,,) > 0.90 (90% C.L.)

e Search for sterile neutrino mixing fraction
—f < 0.68(90% C.L.)

 Muon anti-neutrino disappearance: slight depletion.
- Limit transitions v.to anti-v.: a0 < 0.026 (90% C.L.)
e Search for electron neutrino appearance

—sin%(20,;5) < 0.29 (90% C.L.) (for normal mass hierarchy, 8.,=0)

* Prospects are good for pushing below Chooz limit with
improved analysis techniqgues and more data.

31
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Global fit 0905.3549
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Figure 3: Bounds on #;3 from different data sets available in 2008. . . Atm & LBL & CHOOZ

¥ g : SOl & KamlLAND

ALL v oscillation data 2008

sin® 013 ~ 0.016 + 0.010 (1o, All Data, 2008) . = o

0 0.01 0.02 0@ | 004 0.05 0.06 0.07
sSuY e,

"'I'.Z'ifv ¢ Hints of gy >0 from different data sets and combimations: 12 ranges

Some early hints ?
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Expected sensitivity

90% CL limit on sin® 263
assuming baseline
systematics

3 {
45 - Chooz
——— DayaBay 3 ¥

4

Am=(x10 Sc'\"'_)

< fo
3
)

-
L

15

1

TllllllllllllYIITII]TIH'llll[lllllllll[llll

0-5 L1 1 ! 1 11 l 1
10 ~ 10 )
.\ill".?()l i

-

3 years of data

sin’ 2044 sensitivity reach

1072 |

10
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arXiv:0007.1896

sin® 2643 sensitivity limit (NH, 90% CL)

GLOBES 2009
',."" Double Chooz
camme T2K
ot sssnas:. RENG
‘." Daya Bay
‘ NOvVA: v+
y CHOOZ+ === NOVA: v only
Solar excluded ‘ : _
2010 2012 2014 2016 2018
Year

Sensitivity comparison
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( T ) Vel Vi V.
)
ho)
Ccos 0 = ) Ccos 0 =
% sin’ 63 . sinZ6;, sin6;4 {
= ) B 2 I T —
—1 -1
c;) Sil’l2 913 Arngol 1
z Am?, a4 ]
= | kind,4
= sin’6), kin64 ,
= T —— A,
= Am? -1 2
> sol sin” 63 1
Z Ny : 31 I
. _ -1
lsin6)4 sin® 63
NORMAL INVERTED
CPT = invariant 0 <« —9

Fractional Flavor Content varying cos ¢

5m201 — 476 x 1072 eV?

S

[om?2, | = 2.4 x 1073 eV?

atm

5m2,y|/m2y, | ~ 0.03

atm

/om2,,, = 0.05 eV <> m,, <0.5eV =10"°%*xm,

SiIl2 612 ~ 1/3
SiIl2 923 ~ 1/2
SiIl2 013 < 37

0 <0< 27
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Perform experiment at a L/E scale for
>~ 4 Science bOth SOlaI' and atmospheric GHCCtS. NATIONAL LABORATORY

755 Office of BROOKHEAVEN

U.S. DEPARTMENT OF ENERGY
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ong baseline Neutrino Experiment
Another typical American project?
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Convergence of Interests

Technology of the water
Cherenkov detector is ready
for the next step.

There is impetus to get

New scientific discoveries
in neutrino physics have
set the scale of the project.

LARtpc ready also.
Technology for an
intense neutrino beam is , ,
almost ready; needs L B
I i;l SRE interest comes from the
linkage with GUT scale

phenomena. The last

The same scale detector mixing angle, the mass

IS neleded tor 1?01.1_ hierarchy, and CP have
Cgfgcrjg(}r PLSACS GUT scale impli%ié)aﬁﬂmmm

— Science NATIONAL LABORATORY
NT OF ENERGY

U.S. DEPARTME,
37
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Energy (GeV)

Oscillation Nodes for Am? = 0.0025 eV?
7

o
\

5n/2
/m/2

| o

i 3n/2
1 /

0 500 1000 1500 2000 2500 3000
Baseline (km)

Muon Neutrino Oscillation
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Event rate for FNAL to Homestake

Evt rate: | MWV for 3 yrs
300'(1-’ 300 k'r’ wble060 disappearance 1300km / Okm

Event type |20 Gev 60 GeV :EZST ----------------------------------------------------------------------- numu CC osc (69.156,25.389)
0.5deg. | O deg. ——mice ssamsrs
=
Numu CC | 161820 || 272693 : | neutrino spectrum
NO OSC a1 ||
Numu CCH 000 | 124479 J{u W
with osc > 4 6 8 10 12 14 16 18 20

Energy (GeV)

High precision sin?2023, Am?3,
® Important (esp. 02 ~ 45 deg.) with possibility of new physics.
® Either 120 GeV or 60 GeV beam can be used: two oscillation nodes.

® Measurement dominated by systematics (see hep/0407047) (~1%)

&) Office of BROOKHIAEN
Science ~ NATIONAL LABORATORY
DEPART| NERGY

U.S. DEPARTMENT OF ENERG '& yr"'ZXIO SEC 39
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v, — V. with matter effect
Approximate formula (M. Freund) n;at/ter effect -E
. 2
sin“ 26 . ~7500 km
Py, — ve) ~ sin®fos “’E 5 sin?((A = 1)4) ey
(4=1) / maglc bln
3Jep .
o= — sin(A) sin —1&:)‘*.111 ((1— 4]&]
CPV term A 2311_ A4)
approximate Fa——" cos(A) sin(AA) sin((1 — A)A)
dependence A(l = A)
-L/E 9 cos? fag sin® 2019 9, é
“ 42 sin“(AA) solar term

47" linear dep.

Jop = 1/8sin d¢p cos O3 sin 2619 sin 2014 sin 26094

Ieop = 1/8cosdep cos B3 sin 2019 sin 2015 sin 2693

a = Am3, /Am2,, A = Am2,L/4AE
~ (F,/GeV ) /11 For Earth’s crust.

A =2VE/AmZ,

CP asymmetry grows as
th13 becomes smaller
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Spectra FNAL to DUSEL (WBLE:wide band low energy)

e 60 GeV at odeg: CCrate: 14 per (kT*10"20 POT)

PP =S" Office of
/J Science

U.S. DEPARTMENT OF ENERGY

numu CC events (evt/GeV/(MW.1E7s)/kTon)

numu cc (param) 1300km / Okm

: 0.1 >
25 [ S A N e =
cp=270 deg o)
cp=180 deg g
___cp=90deg gog O
20 ........................................................ : ] N n_
N Q
(&)
_ c
-
_____________________________________________________________________________________________ —10.06 ®
15 e
. Q
; 1 <
10A e ................... 70.04
e || 1 (¥ BE B LA RS | E— ___________________ —0.02
: N -
el e

0.5 1

NS

log(Energy/GeV)
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BROOKHFAVEN
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Key Event Rate in took T*MW*10"

5.2¢20 POT @ 120 GeV

Vl’l’ THEe Ve
Amsn s R0 XU T0T2 216 bl O el sin® 201 23 = 0.86,1.0 sin® 26,3 = 0.02
OCP
Sgn(Amgl)- o deg +90 deg 180 deg -godeg | nue backg
WBLE NU
(1300km) + 87 48 95 134
47
WBLENU|
(1300km) 39 19 51 72’
WBLE
il + 20 27 15 7.2
(1300km) 17
WBLE
N as 520 33|19
(r300km)
@m_‘" BEROOKHEVEN

‘4 Science

U.S. DEPARTMENT OF ENERGY

42

NATIONAL LABORATORY
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The key experimental factor

e Huge (>100kT) detector with high efficiency:

e MW class beam helps, but need the above detector first.

Sunday, December 13, 2009



Detector design considerations.

e Need ~100kT of fiducial mass with good efticiency: Much larger if
lower efficiency: At this mass scale cosmic ray rate becomes the
driving issue for detector placement and design.

sin” 2015 = 0.02 signal-50 evts/yr

Rate(Hz) In-time cosmics/yr  Depth (mwe)

Event type 100 kTon|100 kTon 500 kHz 5 x 107 0
Proton Beam Energy|120 GeV | 60 GeV 3 kHz 300,000 265
ASEE 0.5 0° 400 Hz 40,000 880
BEW, 27000 | 45000 > Hz 500 2300
No Oscillations 1.3 Hz 130 2060
Cov; 11400 | 21000 0.60 Hz 60 3490
With Oscillations 0.26 Hz 26 3620
0.09 Hz DUSEL depth g 4290

Ref: BNL—81896—2008 Cosmic rate in 5om h/dia detector in 10 MHor 107 pulses

[t detector is placed on the surface it must have cosmic rejection
for muons~ 10° and for gammas~ 1() beyond accelerator timing.=>
fully active fine grained detector.

Sunday, December 13, 2009



Next key Experimental factor

e Detector of 100 k'Ton scale needs
= to be at least at 1000 mwe; even

10 Depth, Feet of Standard Rock

o

loss of non-accelerator science.

r:
-:4; 2000 4000 6000 8000 10000 | F ]
1L L — ) E | for accelerator physics.
W . WIPP
10° E 3 {
; Soudan - o A verv fine grained detector such
| N
i ]n \Kk - as LARtpc could be shallower, but
o 10° - needs thorough examination and
.;:; J Rousy Gran Sasso i eXperience'
"~ | ' ¢ . B
g ’ J " Homestake Cl-Ar
g 193 | = o In any case, the shallow will means
= 3 Baksan 8 Frejus )
|
i
l

5 Sudbury | Shallow need not mean less
- expensive after fiducial volume
Deep Underground Laboratory IOSS
10" 1, . I I i
: i R e 0 e The scientific judgement behind

placing such a facility at any depth

needs debate.
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Far Detector : Water Cerenkov

600MeV muon

- Super-K
- 13K 20" PMT
40% coverage

50 KT total
NESS

= 39 m diameter
- 42 m height

- LBNE

- 60 K10" PMT
per 100kT FV
module (25%)

~55 m diameter
~60 m height

o T
o )

* - -
- B By
o W re .
.

33 R.Rameika June 2009 PAC 2% Fermilab
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QUIO-Arac o Prolectio ambpe

@ DOK O R&D Froarsa 3
*Long baseline accelerator Active Volume
neutrino physics is the ideal | Yale TPC & Bo 0.00002 kton
| ! Yale TPC: Dismantied
application for LARTPC. Bl Oppiom
15x
. b B SRR NIRNEREIN .........................ccooosceoeese csesss ahessess esesseas sessens etESRER 08505 00tet RRERRRS488000 810000 SRRRRRRSS58000 00200 44RRRRRS450800 400500 4RRRRRE€RRSS8S 42500 S44RRERSSHLRRSSR 808104 RRRRER HRSERLRS 00008 4RRRRR SHERSSS S00005 4RERE SERRRSES 480000 4eREE® SERRLRS 0000000 4044848 SRRLRRS 3450800 ensERS SRERRRERS00000 48endR RRRRLRS 08000 S s seRBEREE o0t
The key idea is to use all ArgoNeuT | P
charged current rate and Mo | .
: | ] ; ysics: Measure neutrino-argon cross sections
obtain high efficiency with 330 x
low background. MicroBooNE ( B 01 kton

. Conspuction bggins 2010 o ‘
QTe Chnolo glc al p roble m: can Physics: Investigate low-energy neutrino interactions

we scale current detectors to ICARUS ...... ~ éOOtOIl ....................... — S — 4 X50X .............................
. . LAr TPC for LBN 20 kton
much higher masses while RAD in progress S N B
L Physics: Measure neutrino oscillations at 1,000+ km ¢ , i : E
reducing cost. |

Final goal [ [ N x 20 kton
Replicate proven technology / : ; ;
Physics: Search for CP violation in neutrino sector / : 3
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‘_ Electron neutrino abbearance spectra
sin 26015 = 0.04, 300kT WCe. , WBLE 120 GeV, 1300km, 30E20 POT.

Normal

*All background
sources are included.
*S/B ~ 2 in peak.

*NC background about
same as beam nue
backg.

*For normal hierarchy
sensitivity will be from
neutrino running. .
*For reversed hierarchy
anti-neutrino running
essential.

*Better efficiency at
low energies expected

with higher PMT
counts.

Events/i0.25 GeY

b

Events/o

J':')

. —ﬁcp — —|—4F'

Reversed

ao=" running, 1300km, 30 10°° PoT signal + background: “: 7 running, 1300km, 30 1¢° PoT signal + background:

C oani,, =86107 427107V —— 545" (7025 evts) C 4, = B.6107 427 107 eV S’ (366.2 evts)
Bﬂ'__ sin Eﬂﬂuma: =0.86, 1.00, 0.04 { G +07(807.3 evts) 35:_ sirt Eﬂﬂuma: =0.86, 1.00, 0.04 { G +07(341.8 evts)

C Ge-45" (933.5 evts) C G5 (311.2 evts)
?ﬂ':_ backgrownd: 3“':_ backgrownd:

E N all (414.7 evts) - N all (201.1 evts)
60 + QXL beam s (196.4 evts) 25 l-‘ 55 beam . (120.6 evts)
208 + . 200 ‘ |
405 + neutrino neutrino

Il
id
ol
gl
ul
NS o
T st\:‘}}“vf -
T TR S e e
10
[ v running, 1300km, 30 16°° PoT signal + background: " % running, 1300km, 30 10°° PoT signal + background:
700 4t -8.6107° 27107 eV — G ERensy | o anf,  -86107 27107 eV S (4928 evts)
- sin’ 26, ... = 0.86,1.00,0.04 b 0’070 ents) [ s’ 28,5, (- = 0.86, 1.00, 0.04 b om0 0 ents)
60 =45 (687.6 evis) B 45 (394.9 evts)
B background: “]|— backgrowind:
50':_ DN all 4185 evte) B S all (2002 evts)
B . bean , (199.3 evts) B beanm , (119.3 evts)
- | 4 h - w2 h
40 i. | f + 30T *
30— | - antineutrino | | ‘ t _1_'—l-' antineutrino
20 if
I |
10\ 0
L)
%N il
0 ; _ : -
10 1 10

neutrino energy [GeV]

neutrino enerqgy [GeV]
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Electron neutrino appearance spectra

226013 =

)4, 100KT LAr. , WBLE 120 GeV, 1300km, 30E20 POT.
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LBNE beam optimization

Old design
0.5 deg. off. presented last
year
o %%\, 30 107 PoT, 300kT WCh _signal + bkg:
3 go—normal hierarchy — b.,=+45 (706)
> L sin"26.=0.04 } 6.=0° (806)
P 8o~ — b_.=-45" (920)
3 £ background:
5 7°§ al  (413)

-----
--------------------
.....

Events/0.25 GeV

1 2 3

4 5 878910

neutrino energy [GeV]

Numi horns+plug

New NuMI based on axis
designs and shorter beampipe

High horn current

1201730 10°PoT, 300KT WCh_signal + bkg:
"~ normal hierarchy — b.p=+45" (109¢
J0ol-in 28,,= 0.04 } 6_:F ¢ (124
— §.,=-45" (1397
[ background:
80|~ all (612)
I % beam v, (239)
601~ TJFL *
i
’
|
40;-—-
201~
o P R A R TS
510" 1 2 3 45678910

neutrino energy [GeV]

working group.

50

venisio 25 Gevy

—
—
—_

60 GeV, 250kA, 0.75x beam power

-
[

L v, 45 10”" PoT, 200kT WCh  Slgnal + bkg:
[ normal hierarchy — b m+45” (567)
100 |- 2in" 26,, = 0.04 | b -0 (685
% — b m-48' (776)
¢ background:
8o = al (286)
E %8 beam v, (143)
o
w —

.............
.....
---------------

n "
.‘ ui .n ol "‘\ ‘ T
n ol .u DOCRS . n,.n A

1 > 3 4567890
nautrino anargy [GaV]

Signal/background enhanced by ~20%.
Other optimizations (proton beam
energy) under investigation in the beam
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Further science issues

e Program should lead to measurement of 3-generation parameters
without ambiguities. (recall: CP measurement is approximately

independent of 013). Need large detector independent of 013 value.

e A broad band beam is needed to get spectral information to resolve
ambiguities. Spectrum down to 0.5 GeV important.

2.3 MW
(d% 180— : WCh 300kt
\b) Q s 300 kT water Cherenkov
E 70+70 10°° Pol
L @ D) » s detector @ DUSEL
: C b i 5 Measurement of CP phase and
- 14 N Sin*2013 at several points. All
0: (Q{ M b. LLP% d h- h
: - ambiguities and mass hierarchy
_90‘ E : - @ ~ xise  are resolved.
f LD
g 1805~ 0,02 .04 0.06 008 0.1 0.12 014 0.16 BROOKHEAEN
u.s‘. +50/0 sin 2813 NATIONAL LABORATORY

51
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WBLE to DUSEL(1300km) 3sig, 5sig discovery regions.

300 kT 60 10720 POT for each nu and anu

WCh  thl3 mass ordering CP violation
Stat+syst -

LE180C

606010’ PT§ N

'ﬂ" ................. - ’ ISP, | R U OO NS W O
L s ”‘é"ﬁ' ” |

aﬂﬁow’PTéiééééé N
[ﬂ ng 0]5 g g g E-ii-____,.--%"";ﬂ ,i Pl iameis

_,*. oS UUURRN X S et

u+;:; EU ﬁaw’ P T

20—

imr=mdl 3o o
il 5o (ndc0)

60

60—

L

Moo

i ; EN R I A P i ioi vl S A B P i IR A
0

102 10° 107 103 10" 10° 1r 107

-13ﬂ_i i

sinzze13 sin 2813 sin 2813

0.004 O 008 0.01

CP Fraction: Fraction of the CP phase (0-2pi) covered at a

particular confidence level.
Report the value of thl3 at the 50% CP fraction.
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Deep Underground Science
DUSEL and Engineering Laboratory at HOmEStake, SD

Engineering
6 % Empire State

Buildings
for scale

Geoscience

Shallow

Astrophysics

NSF site decision on advice from a 22 member unanimous panel.

V&), Office of BROOKHPF,
4 : RUEN
~ 4 Science M.Diwan NATIONAL LABORATORY

U.S. DEPARTMENT OF ENERGY 5 3
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Where is S. Dakota ! VWhat are 'black h|IIs

L W A ey /4 s
- 1e g ";_’ ) ‘,.‘ « € A 1
7’m o C » ! ' £, !’
removed 21 \\“\ /?( . ‘e E .v‘.. .

I“'W; h

. U " .

/n A
.--‘.‘

A.,.p wu -

-

. .,: '\
/ 3 / “

» \g l* -‘ “Fv

SD has Tradltlon of mining

® South Dakota is West of Minnesota (take 1-90)

® Black hills are stunning.

VJ %’ngﬁc": M.Diwan BROOKHFIAVEN

NATIONAL LABORATORY

U.S. DEPARTMENT OF ENERGY 54
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The Detector @ homestake
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MEGATON MODULAR MULTI-PURPOSE NEUTRINO DETECTOR

v Modular Configuration muon rate/cavern 0.1-0.3 Hz

(ATES FUORMATION

|80 ft dia

—

Rock removal at 5000L (new)

— ’VV* e o RY
ijgi — / Parallel Access tunnel at 4850L (new)

\DD

Mark A. Laurenti November 2007
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MEGATON MODULAR MULTI-PURPOSE NEUTRINO DETECTOR

v' Chamber Design

1807 (55M) Mined outside
174" (53M) Finished Inside RAMP CROSSCUTS INTO TANK

DIAMETER — EVERY 20 VERTICAL FEET
S0’ BETWEEN X \ﬁ
TANK AND RAMP // \{

/" DIAMETER

// BOREHOLE IN
J |

RAMP, 12437 \)
@ -14% GRADE

le kolt 60 ft long
on o 8'x8 pmff@wm

Could use Instrumented Cables — |

for Engineering / Geotechnical
Study

VENTILATION

il

VENTILATION
SIDE VIE

Mark A. Laurenti (Former Homestake Chief engineer) November 2007
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6m x 8m
Calibration Drift

Homestake DUSEL
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Yates Shaft Existing Drifts

Calibration Drift

Homestake DUSEL
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Calibration Drift

61 Homestake DUSEL
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PMT R&D

® [ssues are: making 150000 tubes in 6 years
time, their efficiency, and their pressure
performance.

® |[f PMTs can stand higher pressure, the cavern
can be taller => more fiducial volume.

® Have had meetings with Photonis and
Hamamatsu: no barrier to PMT production
except money.
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Typical PMT production

® Needs 35 people and ~30000-40000 ft2 space.

® With above annual production can be 20000
per year of 10-12 inch PMTs.

® Potential bottlenecks are glass production, and
testing on the experiment’s end.

® New High quantum efficiency technology is
becoming standard.
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Example data R7081 (10 mch)

40
High Qé Type
35 ¢ 12

5 35% at 380 nm o1 Samples:22 pcs
:: 30 8 | Average:31.6%
£ 25 °
S ¢
5 = l lj
L 0
E 15 Standard 0 4
= ° - ~3 ~32 ~3 ~3
%- 26% at 380 nm QE at 380 nm (%)
3 10
o

5

O 11 11 | I I I I [ I I (N s (N N s N s I | I |

200 300 400 500 600 700 800
Wavelength [nm]

77 /Goal of development is 43% ™" " S
Office o

U.S. DEPARTMENT OF ENERGY
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Status

® Project is big, and must follow big-project-procedure. This can be
fast: e.g. NSLS-2 (~$1 b) at BNL went from CDO to CD2 in 3 yrs.

® Mission Need Doc for CDO is prepared and is under review in DOE.
® Project Management teams at FNAL and BNL are being staffed.

® A plan for developing CD1 docs has been developed and handed
over to DOE. LBNE doc 26-v2.

® 315 ARRA funds is going to LBNE to speed up CDO to CD|
process. Total of about $28M. Currently $7-8M at BNL.

® CDI review at end of FY2010, reviews every 6 moths.

® Science collaboration funded from NSF S4 and some DOE
supplements.
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Conclusion

e A 300kT and 50kT of LAR detector at a good depth is well

justified for accelerator neutrino physics.

e If built in the USA it has unique physics capability in the world
due the length of the baseline.

e Excellent sensitivity for 013 and mass ordering and CP violation.
e Proton Decay and Supernova astrophysics ranks very high.

e The caverns built could house different technology: better
PMTs, Liquid Scintillator, Liquid X...

r/_J Office of BROOKHFEAVEN

4 Science NATIONAL LABORATORY
EPARTMENT OF ENERGY 66
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Proposal

*Genesis: Detector needs a neutrino beam, but what
distance 7 Why bother with longer distances than the

first maximum ?
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Selecting Ve events with Library Event Matching (LEM)

(fraction of electron neutrino events in 50 best matches)
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e Select 50 best matches according to the
likelihood that two events have the
same hit pattern in position and energy
deposition. Use large MC library.

¢ Construct discriminant variables from
the properties of the 50 best matches,
eg. fraction of the 50 best matches that
are Ve CC.

e Build a likelihood from 3 variables as
function of energy.

Secondary method
(systematics need checking)
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With a cut of LEM>0.65:

signal efficiency

46%

NC rejection >92.9%
CC rejection >99.3%

signal/background 1:3
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Signal region examination (2)
LEM (Secondary Selection Method)
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LEM Reconstructed Energy (GeV)

Observation: 28 events
Expected Background: 22 +- 5(stat) +- 3(syst) events
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Nucleon decay

® ¢-Pi0 mode: Current limit >8X10%3 yr with 14| kTon-yr (SK)
with Bkg estimate: 2. |/Mton-yr

® e-pi0 with 300kTon*10yrs => ~8X103* yrs

® K-nu mode: Current limit >3X 1033 yrs with 14| kTon-yr (SK)
with Bkg estimate: |.7/Mton-yr

® K-nu with 300kTon*10yrs => ~103* yr

® With LAR the limit on K-nu could be much better because of
much higher efficiency. We should do a detailed examination
ourselves.

(300kT) will hit backg. in ~2yrs. It could be important to
perform this first step before building bigger.

PO, Office of BROOKHF.
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Astrophysical Neutrinos
Event rates. (100kT)

® Atmospheric Nus: ~10000/yr muon, ~5000/yr electrons. (Ref:
Kajita nnn05)

® Solar Nus: >120000 elastic scattering E>5MeV (including
Osc.)

® Galactic Supernova: ~100000/10 sec in all channels. (~3000
elastic events). (Ref: uno)

® Relic Supernova: (ref:Ando nnn05)
® flux:~5 (I.1) /cm2/sec Enu>10 (19) MeV

® rate: 150 (70) events over backg ~200 !

There are detailed numbers for water and

~ LAR in the depth requirements document
(7 (9 Qitica oF M Diwan BROOKHF.AEN
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