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"M MINOS Beam Event
Characteristics

Simple event selections for both
detectors.

Far Detector
50 us window around beam spill
Reconstructed track within fiducial
volume (70% for CC)
Track angle along beam direction.

Only an unknown fraction of the far
detector data 1s used for checks and
testing.

Near Detector
Fiducial cuts using track or event vertex
for candidate neutral currents
Track quality cuts for events with tracks
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The cuts described result in 159 neutrino events.

Protons used for this work 9.3 x 10!?

Caution: This is MINOS open sample only
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Range and Curvature
Momentum Comparison
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# MINQOS Reconstructed
Track Angle
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get best angular resolution.



L,
‘M Example -MINOS CC
Disappearance Analysis

Blind analysis - only <50% ot data in open

sample for comparisons.

Remainder modified by “blinding function™.
Steps 1n analysis

Select neutrino events

Classify as CC events

Extrapolate (using near) to far CC
spectra to extract oscillation parameters.

Notes: NuMI/MINOS MC used to extrapolate far/near
Fit x? will include systematic errors.
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=& Performance of Charged
Current Selection Algorithm
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With cut at -0.2, MC estimate of
efficiency 1s 87%, with purity 98%



ANN PID

1 All events
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=& Stability of CC Selection

Algorithms
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Excellent overlap between algorithms
for charged-current selection.
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Extrapolations and use of
near detector data

Two representative techniques

I) Fitting the near data

N

many common 1nputs

Beam and detector
simulation

Project,

Near data

oscillate,
evaluate C.L.

X

Far data

II) Deconvoluting the near data

Response

matrW \
Deconvolve

Beam and detector
simulation

Project,

Near data

oscillate,
evaluate C.L.

Far data




. Example of typical fitting
"M procedure - MINOS Mock

Data Challenge

nbins
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where a 1s a vector of parameters and € is a
fractional (uncorrelated) systematic error.
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Typical Ay2 plots for BMPT and cross-section

parameters




o

L. 2

Results of Mock Data

Challenge

(simulated 7.4 x 10%° protons

Fit to reconstructed far
energy spectrum
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o G
L& V. Appearance and the

Importance of 6,

In our formalism, with A, = 0 (solar),
Pvﬂ—n/e = 4(U elu /JlU eSU U3
+U eZU ,u2U e3 U ,u3)

_ 2 . 2 . 2
=4cos” 6,sin” 6,,sin” 6,,

or finally to leading . sin 20
order and using cos@sin O = ,
‘2 E )
P, ., =sin 92} sin” 26,, sin"(A,;)

~

This small number will be seen again and again.

curentty [ SHRCSGSONE




L, ! | |
=& Electrons and sin22 0,5 In
MINQOS

As an 1ron calorimeter, MINOS

1s not optimized for low-energy
¢ detection (1-3 GeV)

| Strip vs. Plane, V view |
1=

2 =
- —1¥
-
r —12
dz— [ | [ ]
PH=01 - ~é/l n - e
A4 | u
PH=0.3 C —a
Proas E MC2.4GeV v, QE I
P N N EE I R o
| pu 32 %4 i 8 i
¢ = p —p —n —1n ' KW o [au--v;

With appropriate attention, progress can
be made on limits for sin’20,

Principal background (~2/3) 1s from mis-
identified 7 NC events:

v,+N —>vﬂ+N'+7zO, 7’ = yy
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MINQOS electrons and their

sensitivity

NueRecord.angcluster.FACluRmsShwAxis
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Can improve CHOOZ

limit by ~2 with adequate |

protons

10

MINOS, with
25, 16, 7.4 x10°° pot
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" CNGS Program at CERN

Migliozzi-NUFACT 05

CERN NEUTRINOS TO GRAN SASSO
Underground structures at CERN

LEP/LHC tunnel

£
Hadron stop
and first muon detector o

muons i
neutrinos ,‘/\

Secone mon detecior :;_“ x 10 Rsc” Or oc (@rbitrary units)
: £ el
c/ 3 Am2= 3 10-3eV?2
§ 035
1 % 0.3-
Higher Energy for T
appearance g D20
4.5 x 100 pot/year = °2
0.15F
vﬂﬂuencea
0.1
For Am2=2 4x10-3 and maximal
mixing

0 15 20 25 30 35 40 45 50

expect 16 v_ CC/kton/year at E (GeV)

Gran Sasso
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"k  CNGS v _appearance
detectors

Migliozzi-NUFACT 05

::,‘l

ICARUS liquid Ar T1800.
600 Tons built so far
About 15 events in 5 years.

L spectrometer

OPERA hybrid emulsion
detector
Fiducial Target Mass 1.8 kton Petronzio-
NO-VE 06
vz signal (Am? = 2.4 x 107 eV?) 12.8 events

Background 0.8 events
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¥Off-axis beams and NOVA

Off-axis neutrino beams provide narrow-band
kinematics

— Reduces backgrounds
mis-1id NC

Ve's from K decay (wrong kinematics)

 Increases flux at oscillation maximum.

. This.provides a good setting for v, appearance
exeriments

—  Will be focus of Japanese T2K effort.

e NuMI beam already exists, can be exploited by
construction of new detector.
— NOVA proposal addresses this need.

i P

s

10
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"W Understand Off-axis
Mathematically

Model beam with 6* = 1t/2
P. =P sin6
P =yP (1+cos@)=E,

wefix O, =B /P

At /2 AP, = 0 as vary 0*

AP,
elab

AP = = ()

Constraint on angle means y compensates
6* to ﬁX PL (at ﬁxed elab)



o G
W Off Axis Beam Graphically

Medium energy seftting
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"M |ux Comparison between
Off-Axis and Forward Beams

P.(x/2)=P sin(x/2)=P’
]

P(7/2)=yP =5PL(O)
P
—= :7/ — 7/7z/2glab:1
PT

Compare solid angle between fully forward
beam (0 = 0) and model off-axis beam.

2

2

Agzmoc[ V2 j = (2y,) =AQ,
1+7/7r/2 Hlab

Hence flux can stay constant or even increase in
region of interest.
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NOVA, a large electron
appearance experiment

S % H‘I

(eF %——-—_.---
Lo ‘}w W |

\?;L A \S) \

¢ Active material liquid scintillator
(24 kton).

¢ Looped wavelength-shifting fiber in
each cell, APD readout

15.7 m, (\} :
384 cells
\ A el
‘\ 15_7 § ’ :/:\"""1'— Plane of vertical cells
o "?, {m‘ f Plane of horizontal cells
384 Celly \ .

*30 kton detector
*Baseline ~810 km

*~2000 v, CC events per 7€20 POT (Am= = 2.5 x
10-3)

*Electron ID efficiency 24%

*For sin?26,, ~ 0.1 would see ~150 v, interactions
In 5 years
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Two Views of the very Large

BaBar, CDF, DO, CMS, & ATLAS




o

g Large semi-underground
building with overburden

2-3 m of overburden reduces background
from cosmic y (can fake electron)

Cme = ~200m ..

a 30 TON CRANE

; -

|

5 ]
i

~15m Probable location at Ash River, MN
14 mrad off axis
Trigger on timing —> surface location OK



# For structural reasons,
detector 1s built in 31 plane
blocks

1-cm expan-
lon gap

] 31-plane
31-plane blogk
)loc

e w

31 Plane blocks allow space for swelling at bottom
of tubes.

Structure erected block-by-block

Weight of each block (empty): ~125 tons
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" Extruded PVC tubes filled

with liquid scintillator

Prototype with full-length fiber

Readout cosmic muons To 1 APD pixel
A
4| L
oL
-
ﬁr::snpnslgnal ;::: typi C a.l _ B -
[ . wow Charged -~ 7 r 16 m
600 Constant  640.5 + 10.2 :
- M matiz) particle
s00F path
400}
3003—
200_—
1003—
om0 L NI v
’ 20 @ ﬁEight O?l‘:put {p:[}m M‘/\ A/Dv

Prototype APD readout showing light
output



# Combination of off-axis
“narrow-band’ beam and

good energy resolution.

NC at low ,
10

energy because :

no high energy ~~_|

tail

Events / kt/ 3.7TE20POT / GeV

0k

i neutral-current

Beam v, are spread |

out over a wide

signal v_

beam V.

10 s
range - remove by 0 L

windowing

Backgrounds show a different

"

"E, (GeV)

..3..

energy spectrum and can be removed
during analysis.




Representative NOVA MC
Events

Formd 78 i
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NOVA MC events showing

successful and unsuccesful 7Y
rejection.
1.65 GeV v,N — ep

- 0 e 55 planes
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6

270 = e

& e

- T 5
260 — e

= e 4
250 [— - =

= s -

= 1 % e 3
240 = D - I/'

- T g8 . 5
20— Pl
220 |—

(\ - | Eweni 30 from falafaal gesiliesldsfa'minod 1 ¥ muslonSals_nemusc lowfdlleoot |
P (et
e e ——————r  — .
640 660 630 700 mE-
mE
mE

4.95 GeV vN —> vmcn":;: . long O

b T oF 1] ] TR

70 planes . |
Failure!! 7AW




TGN OVA performance and event
L classification variables
B i

Ertvine  ALEL

= Active detector gives
20F RMS  0.00742 .
good resolution
161
o AE 9%
m%— R
o E E
(-] .
o Overall Vi > Ve efficiency
E IPTRRITE I T N24%
ﬂ I NI EEITENE NN AN N
-ﬂ.&-ﬂ.:]-:fp—f;:‘ll-ﬂ ::I.‘I 020304 :::,:::5_;,;?;: |e|_hitavg|
::.é_ N — ;;_""'
o o fed T
°o ' 500 4000 #s

e-u discrimination using average pulse
height/plane and <hits>/plane



"L NOVA also has a near detector as
a crucial component

I\ Muon catcher

1miron

Shower containment

Fiducial Volume

R

_ U‘E‘tﬂ
Can move to different locations in
underground tunnel to measure off-axis

effects and calibrate far spectra

Can also operate early on
surface to understand
response

Sample v, spectrum from

e off-axis neutrino test

beam”




Measurement is limited by
statistics - experiment
Improves with protons

o
L. 2

100 /
HE signal —
L%) 0 g //
40 :: background =
0.01 0.05 0.1
sin” 20,; .
E; 400 __.:,‘5;? Q\'\“ﬂn{ﬁ
For sin? 20,, = 0.1: ]
v: S=142.1, B=19.5 \f

. - _ 0 1 2 3 4 5 6 7 8 9 10
V. S_ 71.8, B_12-1 Energy (GeV)

5 yrs at 6.5E20 pot/yr Background v, from near

. . _ detector
efficiencies included
Graphic - R. Bernstein
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"M Next Order and CP Violation

* Do not neglect A,
* Add back CP phase o
* Terms group as

e_i(gJFAZSZ)'A‘atm T Aaolar

(Before we looked only at A, ?)
Giving

2

P{v, = v, )z |

H Atmospheric
. 9 . 9 . 9 /
sin” 0,,sin” 20, sin” A, /Solar
+c0s’0,,cos*0,.sin”20,, sin” A

13 23 12 21

: : «——— Interference

+J,sin A, sin A,

(COSA32 CosO — sin A ;, sin 8)

Note J. a combination of angles = 0.9 sin?0,,



o

"WE" CP and Anti-Neutrinos

e CP o changes sign between v and v—bar.

As a result V.,V
depends on 0. P
V> Ve
Graph
0.04 T

" CP violation causes ellipse

Mass hierarch
004 §=mn/2 / A

P(vbar) determines sense of
0.02] Q rotation
i T )

0.01
- sin?260=0.05 §=31/
#0170.015 0.02 0.025 0.03 0.035 0.04
Relevant for near-term
P(v) .
experiments

e13

Neutrino—AntiNeutrino Asymiynetry
L] l:l LENLEL I I ) L] IIIIIII L] L] LI L L) :

atm

= : -
o 0.6 : =
=2 : =

- = —
—= - = S
|QI-| | A - ﬁ .
A, o.al—=F: S
- . S

3 =]
- % : 6=1’T/2 = -
- g _
o.2—8&,: Age=11/2 ]
| =T =
. Sm=, — —5 2 _

: ms;, = 7x10 eV
0‘0 'l | II I Il

LA L 1 L L L2 1 11 L L1
10—3 10—= 10— 1
. =2
sin“286,4



o Review of Oscillations
L'

In Matter
Recall v, + ¢ scattering adds a potential
H v, [ )
matter — " “vac T W 0 0

Leading after some manipulation to

AZ
in’ 02 13 . _
PV#_)Ve = S 823 S1n Z\HB (A13 -T‘ aL)z S1n (A? + al—)
N |
where a 1s new mixing new effective
strength mas
_GeN (o )

a

© ~(3700 km)

\/5 k2.8 gcmsJ

and the sign changes between neutrinos and antineutrinos

3-v’s: Change 1s OK for all orders n
of sin"A,, and sin"A ,



L .
& Mass Hierarchy and NOVA

Mass

Normal Inverted

Solar
v%—¢

Atmospheric

V3d

Ve_ vu_ V’C_

Major unsolved problem

Requires matter effects to observe

Hence a real “target of opportunity” for a long
baseline.

To leading order and zero CP violation, acts as

if neutrinos and antineutrinos were
interchanged.

CP violation makes it more complicated



Matter effects split the CP

o
L. 2

ellipses

?EI::"I>I=| I2.I3I GTVI IIIJ=I |8I2IO'I1(I

Opposite rotation
senses can increase

| overlap
/

Ellipse separation is
leading order effect,
grows with sin?20

4
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N 3 7
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N I
| 2
3 B +
2 "
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V . - 0 o
N ¥ 3n/2 51Il§2 > 0 :
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"Ean discuss measurements of
quantities in terms of what
fraction of CP-space they can see

: suppose sin? 2913werf: 0.1
O/Tt

8 measurablg *

ES

95%CL *|

* O not measurable
[ ]

Qo1 01 1.0
sin” 20,
This 1s just a guide-the-eye example to 1llustrate the
following plots.

Graphic - after R. Bernstein



" NOVA Sensitivity to 6,

a)

3 standard deviation discovery 0.02

limit of NOVA for v, 2V,

L - 0.015 |
oscillations as a function of

sin2(20,,) and the off-axis SiN*(2013) o001 —

distance; red inverted, blue 0.005 -
normal mass hierarchy 0

6 8

10 12 14

5years of running 3 O Discovery Limits for 0,; #0

NOvVA v Only
CHOOZ |

90% CL
NOVA L2

v and anti-v

T2K Phase 1

Reactor
(3 years)

NOvVA + PD
v and anti-v

0.001 0.01 0.1
sin?(20,,)

W 0-20%

= 20-40%
£ 40-60%
M 60-80%
E80-100%
H100%

Presented as % coverage in CP phase o

16



L,
‘M NOVA Coverage range for
mass ordering

95% CL Determination of the Mass Ordering

3yrvand
3 yr anti-v

T2K alone
NOvVA alone
M 0-209
NOVA + T2K = go_ggj’%
NOvA / PD [040-60%
M 60-80%
NOvA /PD + m80-100%
T2K/4AMWI/SK = 100%
NOvA /PD +
T2K/I4AMW/HK
NOVA / PD +
2nd OA Det

0.01

Upgraded Fermilab complex could produce
more beam, on order 1-2 MW



# To make progress on CP
violation requires all the

3 0 Determination of CP Violation
3yrsvand In all cases NOVA with PD and T2K with 4 MW
3 yrs anti-v
NOVA alone .
CHOOZ 90% CL |
T2KISK alone  —
: W 0-15%
EE Ty B0
NOVA + T2K/SK : 0130-45%
W 45-60%
T2KIHK alone B N
_ I W>75%
NOVA + T2K/HK[E [ [—
|
NOVA + 2nd I
Off-Axis Det BN E !
0.001 0.01 0.1
sin?(20,,)

Need lots of protons ==> upgrades of beams

Great help from combining experiments!



# Sufficient running of NOVA
can make do other precision
measurements.

Iumiuvity contours (150 kt-yr at 6.5020 potryr:-i

o 2.7 - 1e CL
S - 2aCL
':‘,_.1 265 ¥ input paramier
E + best it
26
256
25 SN - (4
245F .
24 F
1 1

2_35:....|....I...|[....I.n.. MW B RN W R i i i
5_year run at 09 091 092 093 09 095 096 097 098 ;:292“ 1
23

tWO intenSitie S Innsﬂiw‘ty contours (150 kt-yr at 2520 potiyr) .

a 2.7 —— 1aCL
g = - =240l
" 265 ¥ input paramier
E + Dbest
26
2.56
25 E 4
245
24
| BT | Lo ia s bl i ia |

adaaaala i s s
096 097 098 099 1
sin°20,,

:.Ll.l..‘. b, i
399 091 092 093 094 095

Excellent results for sin’0,; with expected
intensities.
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