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Large-scale structure (SDSS):

Absolute neutrino mass?

Unmeasured, but known small:

- less than ~0.7 eV

(sum of v masses inferred from
cosmological observations)

- less than ~2 eV

(direct kinematic measurements Beta decay endpoint:

of v, effective mass)
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Or, notably: m, < megw tmzover
“See-saw” mechanism puts the |
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physical neutrino mass at: g E'm. L.
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a window to new physics




Neutrino mixing
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Neutrino mixing

Two oscillation regimes:

» solar, reactor experiments:
Am?2 = (7.6 4+0.2)x107° eV?

sol —

» atmospheric, accelerator experiments:

Am?

atm

= (2.434+0.13)x1073 eV?

Mixing angles extracted so far...
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Many questions

- Why is 0, near maximal?
- Whatis 0_, and why is it small?

- Why so different than quark mixing?

Quarks: 1 092 0
Uckn ~ 0.2 1 O
0 0 1
Neutrinos: 08 06 0
Uning ~ 0.4 0.6 0.7
0.4 0.6 0.7

underlying symmetries,
unification implications...

— Is CP violation is present?
- Are neutrinos Majorana?

— What is the hierarchy of
neutrino masses?

leptogenesis, interpreting

CMB & LSS observations, Ov BB

(normal)

v, I

|_.

(inverted)
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Measuring 6,

* Need a neutrino source: accelerators or nuclear reactors

* CHOOZ reactor experiment holds best limit

* Reactor principle:
P(v, — 1.) ~ 1 — sin?(26:3) sin?(

P(Ve—V,)
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Measuring 6,

« A conventional accelerator-based neutrino source provides v
u
- Look for appearance of v_

Py, — ve) = plus potentially

2 ¢in2(20 12(0 n2(1.97Am2. L/E large modifications
Sin”(2613) sin” (63 ) sin”( Matm L/ E) (CPv, matter effects)

P(v,—Ve)
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Measuring 6,

« A conventional accelerator-based neutrino source provides v
u
- Look for appearance of v_

Py, — ve) & plus potentially

2 ¢in2(20 12(0 n2(1.97Am2. L/E large modifications
Sin”(2613) sin” (63 ) sin”( Matm L/ F) (CPv, matter effects)

P(v,—Ve)

250 - 2500 km 0.5-5GeV
0.12
~ example spectrum-averaged
0.10f appearance probability _
C (~1-6 GeV wide-band beam) % =0.2 Disappearance (reactor):
0.081
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v,—v, in MINOS




Main Injector Neutrino Oscillation Search (MINOS)

735 km to the far detector
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Target

120 Ge\\
protons

Target Hall

Decay Pipe
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* 120 GeV protons delivered to carbon target

* Magnetic focusing horns send positive
secondaries (" mostly) down decay pipe

* Target and horn positions are adjustable:

tunable neutrino energy spectrum —»
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MINOS Detectors " H “ H
* Near and far detectors: scintilator | |
Magnetized tracking calorimeters (~1.3 T field) 1
* Alternating layers of I |
steel (1” thick plates) crps
scintillator (1 cm thick, 4.1 cm wide strips) !

* Scintillator layers oriented at +45°
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I Far detector
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MINOS Detectors

Extruded plastic
scintillator strips

4

WLS fibers

Multi-anode
PMT




Raw Response (U Planes) Calibrated Response (U Planes)
0 " =

Calibration

Cosmic ray muons:

measure & remove spatial variations
(channel differences, attenuation)

MINOS Calibration Detector (CalDet): E scale Everything tied together
» Exposed t0 0.2—-10 GeV p, e, u, r at CERN with stopping muons:
* 60 planes, Tmx 1m
CalDet response ... Muons in Far Detector
10 ™ T * data 0.6 GeVic 32.25? — Bethe-Bloch
: ® data 1.6 GeV/c g 2_22_ » Monte Carlo
* data 3.0 GeV/c > =
5| —MC %2'155_ * Data
: g 2.1§—
c | 52.055—
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q; I . Muon momentum (GeV/c)
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MINOS calorimetry good to:
6% (absolute)
2% (relative near/far)

~ 0

0 100 200
calorimeter signal (a.u.)




Protons per week (E18)

Total NuMI protons through March 29, 2010 |R—un>
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Data used in latest results v,

Excellent NuMI intensity over past two years
v_appearance results through Run Ill (~7X10% p.o.t.)

Total Protons (E20)



Protons per week (E18)
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cosmic ray physics

Excellent NuMI intensity over past two years
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Neutrino events

v, charged current

* Clear signature in MINOS: long track

* If u track is very short, event can be
mistaken for v_CC

neutral current

* Esp. with 7t°, hard to distinguish
fromv_CC

* Energy more transversely distributed

v_charged current [signal]

* v_is small component of initial flux

* Electron leaves characteristic deposition
pattern (compact shower)

tranverse pos. (m) tranverse pos. (m)

tranverse pos. (m)

(Monte Carlo)
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0.0 0.5 1.0
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First, v, survival

« Measure vu CC interactions in
the near detector

Events/Kton/1x10" POT
=

Events/Kton/1x10"® POT

%- S SN -

True E_ (GeV)

* Transport observed spectrum

=
(N

107

to create far detector prediction

« Energy-dependent deficit in far detector data = 0

150[

|

—

i

MINOS Far Detector

* Far detector data
— No oscillations

— Best oscillation fit

1 NC background

Phys. Rev. Lett. 101, 131802 (2008)
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Ve appearance — travel 735 km -

near detector o | far detector
98.7% v S & -
H VIJ &)h ‘ ‘,’;{
1.3% v g' ¥ /, g
. & Rl \A,,
.
millions of © thousands of

v events v events



v, appearance — travel 735 km -

| far detector

near detector

98J796‘vu
1.3% v
(and V)

% ,Q i X-

SuUOI}e||19S0

G b o

thousands of
v events

millions of
v events

Looking for this!




v, appearance

near detector

millions of
v events

apply v selection

thousands of
v candidates

q g
> \

B )

thousands of
v events

FD

I lection
apply v selectio datal




v, appearance

near detector | far detector

millions of thousands of
v events v events
: - FD
apply v selection apply v selection datal

thousands of
v candidates

decompose
the sample

measured v, NC
background v, CC
components: v _CC



v, appearance

millions of
v events

apply v selection

thousands of
v candidates

decompose
the sample

measured v, NC
background v, CC
components: v _CC

far detector

thousands of
v events

apply v selection

FD prediction!

predict FD bkgnd.
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v, appearance

far detector

millions of thousands of
v events v events

FD

I lection I lection
apply v selectio apply v selectio datal

thousands of C
ompare
v candidates e

decompose FD prediction!
Falr Detector MIINOS 'PREL!MINA'RY

the sample S :
ANN ]

£2Z signal (CHOOZ limit)
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Preliminary cuts

« Selecting v, CC candidates: start with some preliminary cuts...

1. Cleanly contained event vertex

0.5; ., © ., o
- 0QO® s - -

~0.5-

V
Far det.
V

> Tell-tale tracks can be seen
- Ensure reasonable calorimetry

tranverse pos. (m)
o
o

(Monte Carlo v, CC event)I

0.0 05 1.0
longitudinal pos. (m)

Fiducial regions in red




2. No long tracks

- Removes majority of v CC events

tranverse pos. (m)

: (Monte Carlo v, CC event)
0 2 4 6
longitudinal pos. (m)

3. Appropriate enerqy

> No signal expected above 8 GeV

> Minimal signal and lots of NC background
below 1 GeV

Far Detector MINOS PRELIMINARY

F | ] 7
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Reconstructed energy (GeV)



Shower identification

o
(2]

e
=)

Probability

* Classify shower topology with

an ANN

* 11 discriminant variables derived from
longitudinal and transverse profiles

of energy deposition

* Examples: shower fall off

(parameter b), shower width
metrics

Far Detector

MINOS PRELIMINARY
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Example EM shower profile
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Fraction of pulse height in a narrow road
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Shower identification
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tranverse pos. (m)
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tranverse pos. (m)
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* Classify shower topology with
an ANN

* 11 discriminant variables derived from
longitudinal and transverse profiles
of energy deposition

* Examples: shower fall off
(parameter b), shower width
metrics

Selection efficiencies (presel.+ANN):

signal 42%

NC 5.4%

CC 0.4% } (i.e., mis-ID rates)

Probability

0.0 0.5 1.0 0.0 0.5 1.0
longitudinal pos. (m) longitudinal pos. (m)

Resulting ANN discriminant:

Far Detector

Monte Carlo MINOS PRELIMINARY
- ' ' ' ' I ' ' ' ' ]
- Pre-selection |
- —signal Selected 1
i Seeces,

0.10—~ — background |

0.05— |
- 1 1 1 1 | 1 1 1 i

0.00— 0.5 1

ANN



Near Detector MINOS PRELIMINARY

| ! | ! | ! | | ! | ! | ! |
Near detector events | - ANN-selected ]
o?' 2000 -— §§§§§§ —— Total Data —-
° I — Total MC ]
v candidates in the near > .
e . — 0] N 4
detector (ANN selection) @ 1000 ]
s | B ]
>
w | T ]
0 9
* Data and MC d|ffer by Up to 150/0, but Reconstructed Energy (GeV)
* ... are consistent given the large hadronic
model uncertainties (red error band) Near Detector MINOS PRELIMINARY
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Background decomposition

* Transport of CC components to far det.
requires application of Posc(vu_—n/x)

* Could use MC to estimate fraction of
background that is v, and v_CC

Events/1x 10'"POT/GeV

* Better: measure NC, CC components
by adjusting horn focusing, modifying

NC / CC fraction

Near Detector MINOS PRELIMINARY
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Reconstructed Energy (GeV)

Turn off
focusing horn
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High energy

Horn off

Events / 1x 10"°POT / GeV
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* Approximately...

10° Events / GeV

A\

A4

\4

tually...

Y

horn-off and
tuned MC =
unitarity = v CC

Solve the ful

high-E = NC
v, CC

| linear system

(3 beam configurations and
3 background components)

A\

Near Detector

...with inject

d MC v_ constraint

MINOS PRELIMINARY
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A cross check... : T Remnant shower -

E "4

v . hadrons - .
[P, ATEL 4 1

=
T

Alternatively :
Use mock NC events to o}
measure NC acceptance i

") | e PP P PI BEPU T T U R e i SRR SR S S N TR SR SHN SR NN SRR RN RN S NN T

Remove the hits from u tracks in v, CC events
Apply v _selection to the remnants (mock NC events)

Near Detector MINOS PRELIMINARY ] _
2000 —— ———————  Data/MC ratio with mock NC events

N N i =
5 NC ® Multibeam = correction for real NC events
21500 ANN11 ~
© [ ‘ A u-removal
> 1000 - L .
G I é ; Resulting “measured” NC
E ol @ i <«— component agrees between
o f A . . the two methods
B N S S

Reconstructed Energy (GeV)



From near data to far prediction

Far/near ratios in bins of energy —»

Detector differences lead to systematic

errors in far/near ratio

attenuation, readout (single vs. double),
PMT design, crosstalk, ...

ND Decomposition
Calibration

Far/Near Normalization
Hadronization Model
v, CC component
Intranuclear Model
Beam Model

Crosstalk

Cross Section

Total

NN

MINOS PRELIMINAR

Y

Frrrrrrrrrrirg e

-2 0 2 4 6

Uncertainty (%)

Far/Near Ratio (x10™%) Far/Near Ratio (x10™)
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, SMonte Carlo Preliminary

From near data to far prediction | - T~

£ o NC .
x 25F -
Far/near ratios in bins of energy —» E Wb : .
H] 1.5 + -
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Detector differences lead to systematic s ;"’ )
. . 5 —
errors in far/near ratio * N
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Statistics | : B 2 10F . & + * 4
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Far detector prediction

Small v_ CC background (from
vV oV oscillations) estimated
from the Monte Carlo

(with knowledge of v, disappearance)

7x10°° p.o.t. predicted event counts:

Backgrounds: Signal (CHOOZ limit):
Total  49.1 v,CC 24
NC 35.8
v, GC 6.3 (stat. + syst. error on
v, CC 5.0 total BG is 7.4 events)
v. GC 2.0

Signal: AmZ = 2.43x10° eV?  sin*(20,,) = 1.0

sin?(20.,) = 0.15 S5ep=0

Events/GeV/7x10%° POT

Far Detector

MINOS PRELIMINARY
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ANN Sensitivity (Hypothetical 90% C.L. Limit)
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ANN

=22 signal (CHOOZ limit)
222 N

S5 v, cc

% Beamv, CC

S v, CC

6 7

Reconstructed Energy (GeV)

(o]

2.0

2
|Am23|

7x10%° POT

sin’20,, = 1.0

= 2.43x107° eV?
— Am3,>0

—_— Am§2<0
—— CHOOZ 90% limit
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Blind analysis checks




Check of the analysis — invert the cut

Perform the full analysis with one modification:
— invert the cut on the vV, discriminant: ANN<O0.5 rather than ANN>0.7

Expected events for ANN<0.5

For sin*(26.,) = 0

Total

NC

v, CC
v, CC
v_ CC

314

186
117
3}
6

For sin®(260_,) = 0.15

Total

314 + 13

Events

Observed for ANN<0.5:

327 events
(0.750 excess if sin*(26,,)=0)

MINOS PRELIMINARY

40

20

== MINOS FD Data

Background Prediction

@ Signal at CHOOZ limit
(Analysis
Region)

Blinded Region

0.5 1
ANN Selection Variable

(uncertainty in this test) ~ 0.4x(uncertainty in main analysis)




Check of the analysis — verify NC shower mis-ID

Revisit the muon-removed events (mock NC events)

- Measure selection efficiency for these showers in Far Detector data
- Compare with Near-Detector-driven prediction

Predicted and measured
efficiencies (vs. energy) agree

Mis-ID rate for u-removed events:

data: (7.2 0.9 )%
pred: (6.42 £ 0.05)%

[stat. errors only]

= compatible at 0.860

(uncertainty in this test) ~ (uncertainty in main analysis)

Background Rejection

1.0

0.9

0.8

MINOS PRELIMINARY

1.1

1 !
ANN
—}— FD MRCC Data

—}— MRCC Prediction

I L1 1 1 | 11

m——

| 1 | 1 l 1 1 | |

I | I L1 1

2 4 6
Reconstructed Energy (GeV)
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Check of the analysis — verify signal efficiency

hadronic
recoil system

Ve
v, CC events: EM shower + hadronic shower - Poeeeeess \

e-induced
EM shower

1% Test selection on pure EM
showers from CalDet

Efficiency understood to better
than 3%

Apply a systematic error based
on the limits of this comparison

Electrons in MINOS Calibration Detector

5 1.0— +_-_*..$-o-o+-a—a- > - -
c I *
2 08— &
2 B +
5 0ol ® .
> 06 CalDet data
zZ CalDet MC
< 0.4
_I L o by e b b by b e by
1 2 3 4 5 6 7 8

—
=
T T

Ratio (data/ MC)
5
+

=
©

=




2"": Test importance of hadronic shower modeling:
- use u-removed sample to get hadronic showers from data or MC

recoil system

removed u .......... simulated
EM shower
Data or MC
MINOS PRELIMINARY __ .
0 55_ :=== — ND MRE Data [
N  — — ND MRE MC 1.4
§0.4§ 1 58
2 0.3f — 1 8 1k
TR S — 1 8
—_— © 0.9
0.1F - -
Y =2 4 6 _ 8 10 Y&~

Reco. Energy (GeV)

“~

Apply v selection to
the “merged” events...

Small efficiency difference
(~3%) taken as a correction

1.2

= S

2 4 6 8
Reco. Energy (GeV)

10




Results




v_appearance result

Events

With 7x10% protons on the NuMI target

v_charged current candidate events:

background expectation: 49.1 £ 7.0(stat.) £ 2.7(syst.)

MINOS PRELIMINARY
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Events/GeV/7x10%° POT

MINOS PRELIMINARY

30_—

20

| ! | ! | | 'ANN' |

=2 NC

v, CC
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Reconstructed Energy (GeV)




v _appearance result

40

Events

20

With 7x10% protons on the NuMI target

v_charged current candidate events:

(0.70 excess)

background expectation: 49.1 + 7.0(stat.) £ 2.7(syst.)
observed: 54

Y

C 1Y

= MINOS FD Data

Background Prediction

MINOS PRELIMINAR
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v _appearance result

With 7x10% protons on the NuMI target

v_charged current candidate events:

background expectation: 49.1 + 7.0(stat.) £ 2.7(syst.)
observed: 54

(0.70 excess)

MINOS PRELIMINARY
I - - - - I v - - T
I Selected
40
w ! +
E oLt
O
Ry
20~
| | —%— MINOS FD Data
L Background Prediction
i*- Best Fit Signal
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ANN Selection Variable
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v _CC candidate event in the far detector...

Transvirse Strip Position U-Axis (m)
n

[ 5]
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Energy (MEU)
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L - I - I - _| 15

L . |

B 1 10
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Depth in Detector in Planes along Z-Axis (m)
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FD RUN = 43563
EVENT ID = 95374
Reco. Energy = 4.35 GeV

ANN11 PID = 0.81
PAR PID = 0.85
ANN14 PID = 0.86



Event shapes in the far detector: Data and expectations match

Events / 7x10%° POT

Events / 7x10%° POT

Far Detector MINOS PRELIMINARY
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Track Planes
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Shower Rise Fit Parameter (Parameter a)

Events / 7x10%° POT

Events / 7x10%° POT

Far Detector MINOS PRELIMINARY
T T T | T T T | T T T | T T T | T T T
" Pre-selection —4— Data ]
80— -
| — Prediction
60 .
40 .
20 .
+ _
% 00
Event Strips
Far Detector MINOS PRELIMINARY
T T T T I T T T T | T T T T I T T T T
100~ Pre-selection —4— Data 7
: — Prediction
50
0 1

1 I 1 *
0 0.5 1 1.5 2
Shower Fall Fit Parameter (Parameter b)



Positions
and times
of events

Vertex Y (m)

Vertex Y (m)
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o

Far Detector

MINOS

PRELIMINARY

I T T T T

' Pre-selection

T

T T ‘

Vertex X (m)

Far Detector

MINOS

PRELIMINARY

I T T T T

T T {

Vertex X (m)

Events

Events

Events

Far detector data
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MINOS PRELIMINARY
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Oscillation interpretation of the data

< D 2.0 B A B e B BN ]
sin“(26_,) allowed range : 75102 POT E
depends on CP-phase 6 and 1 5;_ —90%CL AME0
mass hierarchy [sign(AnT)] ~E — 90% C.L.AME,<0 ]
E _E E
90% C.L. allowed ranges — o 1.0p ]
Lo - _allowed range .
- < > ]
0.5F E
- MINOS .
: PRELIMINARY .
o Y A e ]

(other oscillation parameters taken 0"30 0.1 0.2 0.3

with current experimental uncertainties) 2 sin20 . sin220 )

Feldman- Cousms Contours for ANN

f

(unity if 0, =1/4)



Oscillation interpretation of the data

Feldman- Cousms Contours for ANN

. 2 e e A I =
sin“(26_,) allowed range | 75102 POT E
depends on CP-phase 6 and 1 5;_ 0% CL AMEs0
mass hierarchy [sign(AnT)] ~E — 90% C.L.AME,<0 ]

- — Best Fit Am2,>0 ]
t u 32 -
< 100 & X\ Best Fit Am3,<0 3
90% C.L. allowed ranges —» o 1UE -
© - —— CHOOZ 90% limit -
- (for sin®26 =1) 3
0.5F E
- MINOS .
: PRELIMINARY -
(other oscillation parameters taken 0"30 0.2 0.3 0.4
with current experimental uncertainties) 2sin%0 sin320 )

MINOS best-fit [black curves] along with
CHOOZ upper limit (for 0, =/4) [ ].




0 0Feldman -Cousins cl':gpltogrlsl T(.)r. ANN IIIIIIIII
: ' 7x10%° POT :
Summary — 9):)/ C.L.am2>0
— 90% C.L. Amg;o
. . — Best Fit Am2,>0
> No significant excess of E e X\ BestFtam0 3
- g B Z 90% limit
candidate v_ CC events: °
expected bg: 491 7.0, +27, -/ o dmos
events obs'd: 54 AN e - s,

> Consistent results obtained with 2sin°,,sin26,,

two additional event selectors (not shown here)

Representative 90% C.L. limits: put 6_.,=0, 0,=m/4

normal hier. = sin°20 < 0.12
inverted hier. = sin®20 , < 0.20

> For the near future:

additional neutrino data and significant new analysis techniques
= potentially large sensitivity gains
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