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PREVIEW
Q@ Whirlwind tour of where we are

@ Introduction to Neutrinos, Oscillations and what
the experiments tell us

0 Properties of neutrino oscillatiomns
@ Results from MINOS are world’s best
Q Future plams for MINOS
OAnaIyS|s of new anti-neutrino running
@ MINOS+?

Q@ SummEmaAry

@ Lots still to do, picture still missing pieces
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INTRODUCTION

What you all kmow about nemntrinos
already
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THE STANDARD MODEL

0 Quarks, Leptons amnd Elementar Y
Gauge Bosons make Particles
up the elementary
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NEUTRINO PROPERTIES

negative helicity

Weak interaction violates
parity

4/11/11

positive helicity

Fermion Strong | EM | Weak

L.H. Quarks X X X

R.H. Quarks X X

L.H. Charged leptons X X

R.H. Charged leptons X

L.H. Neutrinos X
Neutrinos were thought to be @X@.@EE@/
miassless : SM repro ({LaLu,eE the parity
violation an making them so. %l t amy
more!

@ Spimn = 2, but left handed only. Not amy

ot

more!
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NEUTRINO SECTOR STATUS

Solar&Reactor Atmospheric Reactor/LBL Double Beta
(Vo Xe, s, © 1120130 0\( ¢, O0CsSel\/1 vo S@ \fVn)
: ia/2
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Normal hierarchy

I (mj)?
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(m,)?

(my)?

(m3)?

Inverted hierarchy

]
I Am2,,

A

2
Am?2;,

1
! 2
: m lightest

Jenny Thomas

Am?2,,
TAN29,,

2
A!11232
SIN<0,3

3 light neutrino flavours: e, u, t

: (7.0 - 9.1) x 105 eV2
: 0.34 — 0.62

: (2.23+0-11 ) x 103 eV?2
: >0.91 (@90% C.L.)

SIN20,; < 0.045
d: unknown

Hierarchy : unknown

Miightest < 2.2 €V
Dirac or Majorana: unknown




SIMIPILIE 2=FlLAVOUR EXPRESSION

P(v,—v, )=1- sin”20sin”(1.27Am°L | E)

(Average L/E is about 500 km/GeV for MINOS)



IN A SNAPSKOT:
WEAT ITS LIKE TO BE A MUON NEUTRING
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ThilE MINOS EXPERIIMIENTT

Q Given the confusing nature of the neutrino

@ choose a place where you have a big probability
of seeing a v, become one of its chums

@ L/E ~ 500 GeV is maximum probability of v,
disappearance without too much interference
from v, (!!!)

@ use a very very massive detector because the
neutrino cross section 1is very very small

9 themn you cam...

@ measure atmospheric oscillation parameters with
precision (neutrinos and anti-neutrinos)

@ search for sub-dominant oscillation of v, ->v,

@ Search for sterile neutrino flavours

@ And still look at atmospheric neutrinos....
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TlE MINOS DETECTOR

How 3kT of steel can me

e
»n @

asure the
lightest particles

|

Jenny Thomas
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@ Two detectors
mitigate systematic
effects

@beam flux mis-modeling

@neutrino interaction
uncertainties

@Magnetic field
measures charge

4/11/11

XKD

Jenny Thomas

IEIRIMIEINTT

@ Long baseline
neutrino oscillation
experiment

@ Neutrinos from NuMI
@ L=732km, E~1-5GeV
@ L/E ~500 km/GeV

@ Atmospheric neutrino L/E
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DETECTOR TECHNOLOGY

@ Tracking sampling
calorimeters

@ steel absorber 2.54 cm thick (1.4 X,)

@ scintillator strips 4.1 cm wide (1.1
Moliere radii)

@ 1 GeV muons penetrate 28 layers
@ Magnetized
@ muon energy from range/curvature
@ distinguish p* from
@ Functionally equivalent
@ same segmentation
@ same materials
@ same mean B field (1.3 T)
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Clear

Fiber cables

2.54 cm Fe

Extruded
PS scint.

4.1x1cm? UV planes

+/- 450

WLS fiber |

Jenny Thomas

Multi-anode PMT
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EUTIRING BIEAM




MAIKING A NIEUTTIRING IBEAM

Absorber Muon Monitors
Alangel D : S | B
ecay Pipe N | B
Target Hall y H1p ot ,
120 GeV - B M e i
protons N : % L
From g . v ~ = . MR
Main Injector ey y B2
s i ¢
675 m /
5

Hadron Monitor 2m 18m
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MAIKING A NIEUTTIRING IBEAM

Target

120 Ge\\
protons

dama
From

Main Injector

@ Hadron Production

@ bombard graphite target with 120 GeV p* from Main
Injector
@ 2 interaction lengths
@310 kW typical power

@ produce hadrons, mostly it and K
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MAIKING A NIEUTTIRING IBEAM

Target
\ Target Hall
120 GeV

protons 1\ : -
From [~ 4] #'2 A

Main Injector Horns rt

10 m 30 m

@ Focusing
@ hadrons focused by 2 magnetic focusing horns
@ sign selected hadrons

@forward current, (+) for standard neutrino beam runs

@reverse current, (=) for anti-neutrino beam
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MAIKING A NIEUTTIRING IBEAM

Absorber Muon Monitors

Target : S | B | B
g Decay Pipe |, v— LB BN B
Target Hall o v BN ¥ R v KRS

120 GeV £ ff o & —dHE-=HF «-a—\- r-ﬁ*

protons I AT
RSN B | T ﬁc._ T

TIT E= \ R
i e A ey

[
»

From
Main Injector

&
\‘l v o
Ve ey
Y S
77 Ry R
675 m
5

Hadron Monitor "

9 Decay
@ 2 m diameter decay pipe, 660m length

@ result: wide band beam, peak determined by
target/horn separation

s ®secondary beam monitored .



BEAM PERFOIRMANGE

Total NuMI protons to 00:00 Monday 14 February 2011
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NEAR TO FAIR

Far spectrum without oscillations is similar, but not
identical to the Near spectrum!

.ITI.
p  Target [ —— . N - ------
%i —I?DI
Decay Pipe >
E
E,~043—=—
l+y°6,;

9 Neutrimo emergy depemnds on angle wrt original piomn
dliirection and parent energy

@ higher energy pions decay further along decay pipe
@ angular distributions different between Near and Far
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~ EXTRAPOLATION

Target

Decay Pipe
- #

\ Target Hall afammten g

— T
N =
Horms " -

0= 0Om

A - -

Muon Monitors

Events/Kton/1:10"" POT

g Near

Fo—

5 10
True E_(GeV)

Events/Kton/1x10"* POT

: Far

Line Source
P00 S5 Y G M SR at ND

Far Detector Neutrino Energy (GeV)

Point Source
at FD

5 10 15 20 25 30
Near Detector Neutrino Energy (GeV)

Near Detector energy spectrum extrapolated to Far Detector, using MC to provide
energy smearing and correct for detector acceptance
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NEUTRING EVENTS IN MINOS

How easy they are to find and how

h

Jenny Thomas
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Transverse position

-
(24
T

NEUTRINO EVENTS IN MINOS

Simulated Events

£
_0_5_ v +Ne‘u+X_(
Depth (m) n .
e v, Charged Current evemnts:

Hadrons

0 long U track, with hadronic activity at vertex |

@ neutrino energy from sum of muon energy (range or
iy, Curvature) and showeqegnmgorrgy "



ENTS N MINOS

[ﬁ]
<

Simulated Events

0.6_"1"'|"'I"'I'"I"'"'"' .
- [ NCEvent . 1
(o) 0.4_— - —
- - = K \Y/
o — - o .
N 0.2 . —
=g = >
8. g - -;!--‘ -
7 g el g
@ 02 e _
> [ By =,
2 0.4 . = .
‘U i || || - || :[
Eok V +N—V +X |
o4 030 02 04 06 08"
Depth (m)
A% A%
Q Remntral Current events
Z

@ short, diffuse shower event

Hadrons

@ shower energy from calorimetric response
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EVIENTS IN MINOS

Simulated Events

—_——————
. CC v, Event

=
N
T

@
N
F T T T T X
|

Transverse position

(m

|’ T T
Q *

I O
I | 1
Q
I— 1 1 1 1 I 1 1

9 v, Charged Current evemnts: o _©

@ compact shower event with an EM core

Hadrons

@ neutrino energy from calorimetric response

4/11/11 Jenny Thomas 24



EUTRING OSCILILATION
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@ Look for v

v , DISAPPEARANCE

M

disappearance as a function of neutrino

energy

@ Use ND to predict unoscillated spectrum at Far
Detector

@ Compare with measured spectrum to extract oscillation
parameters

Pv,—v,)=1- sin” 20 sin”(1.267Am’L/ E)

200 Oscillated
100
0 e *:’ _____ _Monte Carlo

v, spectrum

Unoscillated
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( Input parameters: sin226.=1.©; Am? = 3.35x103 eV?) 26




Look for v

v , DISAPPEARANCE

M

energy

Detector
@ Compare with measured spectrum to extract oscillation

parameters

Pv,—=v,) =1-sin” 20

200 Oscillated
100
4 H Monte Carlo
0 | | o PR |

v, spectrum

Unoscillated

0 2 4 6 8 10

Visible enerqgy (GeV)

4/11/11

disappearance as a function of neutrino

Use ND to predict unoscillated spectrum at Far

sin®(1.267Am°L/ E)

- 1.4;
® - .
E 1.2} spectrum ratio
T — |
o : A +
5 0.8- sin2(20) ++++‘H’+
ki 0-6# +++
8 B +
= 04" + +
8 C +
002 |+
L . Monte Carlo
Q) 2 4 6 8 10
Visible energy (GeV)

( Input parameters: sin226.=1.©; Am? = 3.35x103 eV?) 27



v , DISAPPEARANCE

Long baseline V , disappearance experiment
Predict unoscillated CC spectrum at Far Detector

@ Compare with measured spectrum to extract oscillation
parameters

Pv,—v,)=1- sin” 20 sin” (1.267Am’L / E)

L

U] - 1.4;
5 Vu Spectrum 8. .F spectrum ratio
>3001- _ ;8 1.20
w Unoscillated = -
8 1:‘ """""""""""""""""""""""""""""""""" '
© I :
200 Oscillated S 08<—> Am?2 +++‘H’++
B . f ++
8 5
100 .§0.4:— + ++
O 0.2 L
Riiinay Monte Carlo [ . Monte Carlo
o2 TFTTETTE o Y2 4 & 8 10
Visible energy (GeV) Visible energy (GeV)

211711 (Input parameters: sin220.=1.60; Am? = 3.35x103 eV?) 28



v, DISAPPEARANCE RESULT

MINOS Preliminary

I —

i MINOS Far Detector
>300'_— —4— Far detector data _
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O i Best oscillation fit |
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CC v, systematic uncertainties

0.10 Far Detector MC MINOS PRELIMINARY
— B Fiducial events i
< . 72x10° POT -
< 0.05]- ' -
«, E -
O V
O
= 0.00 T
< -0.05[ ]
2] i §
0105702~ 0.01 0 001 002
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4/11/11 sin=(280)

Overall hadrenic energy
Track energy

NC backaground

— Relative normalisation
Relative hadronic energy
Cross sections

Charge mis-ID

Beam

Dominant systematic
uncertainties:

» Hadronic energy calibration
» Track energy calibration
» NC background

> Relative Near to Far
normalization

Justin Evans
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Events / 4 GeV

puy
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ANTINEUTRING RESULTS

42 events observed

@ No oscillations
@ 64.6 t 8.0, t 3.9

sta syst

@ conserving
@ 58.3 £ 7.6

Deficit is 1.9c

Consistent with the'%

parameters at 90% c.l.

T 1 1 1 | T 1 1 I.’ I T 1 T ‘ T T IIIII|Il!llHII‘IIHlIHIIIIII
MINOS Preliminary _g Far Detector Data |

— No Oscillations
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4 —— Background (CPT) |

Low Energy Beam |
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b 3.2x10%° POT

i
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]

% 5 10 15 2

0 30 40 50
, /1I31elconstructed v, Energy (GeV)

Global fit from Gonzalez-Garcia & Maltoni,

Phys. Rept. 460 (2008), SK data dominates
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D 40:
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sin®(20)

JennyThomas

1



& ANTI=-NEUTIRING BEAM




o

MAIKING AN ANTI=NEUTIRING BEAM

Several issuies comtribnte
ver anti-nmeuntrine

mt+7t- production ratio at target
favours - at level of ~1.3-1.5
(approx 30%)

@ Ratioofntopiniron gives
~30% in cross section

@ \ector boson exchange has a
sign (~30%)
@ v x-section larger at low
energies by 30-50%
Alll results im about a
factor 3 lower yield of

Jenny Thomas 2011
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MAIKING AN ANTI=NEUTIRING BEAM

L L L L
v, Spectrum

12: Neutrino mode  spectrum :
35k Horns focus *, K* E
2 E
€ S0F :
© 25F =
15 \_Ip: 7.0% =
10 v.tv,: 1.3% E
5;— —
%5 10 15 20 25 _ 30

Target Focusing Horns A
\ «— T = 1 2m v
, ' Vi

) R
120 Cov Jre e

from M s )

< >4 > <
4/11/11 15 m Jenny Thomas 30 m 675 m




MAIKING AN ANTI=NEUTIRING BEAM

| T L L
vy Spectrum 45t Anti-neutrino Mode Y Spectrum

: Neutrino mode . ¢ E .
40E- u Spectrum 3 40F H _ V, Spectrum
- + - orns focus m, K
"3 Florns foous 17, K 3 2 ¥ enhancing the v
2 30t 4 € 30 9 7
O 255 I
> = . o 3
L 20;— Vp' 91 7%) _; L
15;— \_Ip: 7.0% —;
10F v.tv,: 1.3% E
s
%5 10 15 20 25 _ 30 ' 25 30
Eqve (GeV) Eyne (GEV)
Target Focusin§ Horns A
\ %\ - 2 m vﬂ
) S R =
120 GeV p's " — i ;
from M 0 v #

< > <4<

4/11/11 15 m Jenny Thomas 30 m 675 m 35
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ANTI=NEUTRING 0SCILLATIONS

Measured in the same way,
comparison of NI) with Fid

Jenny Thomas
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NID ANTI=-NEUTIRING SELECTION

Q@ Focus and select
Q@purity 94.3% after
charge sign cut

@purity 98% < 6GeV

oData/MC agreement
comparable to

Q@different average
kinematic distributions

@More low y events
(more hard muons)

Events / ton / 1x10'® pot

— N
[ o
Illllllllllllllllllll

—
o

&)
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L] I T T L] T I Ll L]

MINOS Preliminary

—*-Data
= MC Expectation
Il Total Background

Near Detector
8.65x 10'° PoT
Antineutrino Running

lllllllllllllllllllll

0 5

| e
10 15

Reconstructed v Energy (GeV)
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FAR DETECTOR IDATA

1, 71x 1020 POT MINOSv runnlng Far Detector

30—

20!~

FD Events/GeV

B

—+ MINOS data
— No oscillations
[ ]Background

|

i

;

—| ‘ MINOS Preliminary

= -1
' :*5—1—( Lol

4/11/11

10 20 30 40 50

Reco. Energy (GeV)

Jenny Thomas

o No oscillation
Prediction: 155

o Observe: 97

o No oscillations
disfavored at 6.30
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FD Events/GeV

COMPARISON TO NEUITIRING
OSCILLATION PARAMETERS

1. 71 x 10%° POT MINOS ¥, running, Far Detector

1.71% 10%° POT MINOS vy, running, Far Detector

- I I I I I I I I IIIIIIIIIIIIIIIIIIIIIIIIIIIIII I 1] | I I I I | I I I I |IIII|IIII|IIII|IIII|I[II|I[II|I[II|I[]I_

30 _l— 4 MINOS data | 1 5— MINOS Preliminary Background -

u i I Subtracted |

| — No oscillations | 2 i ubtracte i

i 'AM’=2.35x107%eV?, sin’(20)=1| S | + |+ L :

. — Best oscillation fit 1 8 1 ==l

20_— []Background B S N AT :

i 1 O N ]

o - —

i 1 2 0.5: :

i MINOS Preliminary 7| 8 7" .

10r 12 o :

i | @ “F <+ MINOS data — .

i | X | — Best oscillation fit ]

| —2_ 2 2 - N

O- R LT 05" | .Am. 235><10 TeVI sin (26)|— . ]
0 3} 10 20 30 40 50 0 5 10 20 30 40 50

Reco. Energy (GeV)

4/11/11

|Am?| = 23574 x107eV?,
sin®(26) > 0.91 (90% C.L.)

Jenny Thomas

Reco. Energy (GeV)

sin®(20) = 0.86 = 0.11

= 3367 x107eV?,




COMPARISON TO NEUTRINOS

- — MINOS v, 90% — MINOS v, 90% - _ |
- MINOS V, 68% ----MINOS v, 68% | More anti-neutrino
" ® Bestv, Fit ® Bestv, Fit ] running expected

1.71x 10 POT  7.24 x 10°° POT il

(@)

I Iml

o Contour includes
effects of dominant
systematic
uncertainties

T I T T I T

O normalization

o NC background

IAm?| and |Am°| (107 eV?)
AN

M I I I
|

Illlllll[ll[lllllllllllll—

05 06 0.7 0.8 09 1 o shower energy
Sinz(ze) and sin2(2§) o track energy

< 2% probability of
same parameters Jenny Thomas 40




IF10) DA

4T T )
S MINOS Preliminary :
. -»-Data -
301~ — Oscillated MC ]
- ---*No Oscillations .
‘2 B Far Detector N
2200 1.71x 10%° POT ]
- Antineutrino Running -
100 B
0 5 10 15 2
Reconstructed u* Energy (GeV)
so———— 77—
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: - Data (v) |
301~ — Oscillated MC ]
s ---No Oscillations -
2 | 1.71x 10*° POT i
E 20[~ Antineutrino Running
10f° E

o 5 10 15
Reconstructed u~ Energy (GeV)

4/11/11
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: -+ Data _
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=-No Oscillations i
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i 1.71x 10%° POT -
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11| S ) i .
ok RiLiaecaa sy T C0E
0 5 10 15
Track End Radius® (m®)
50 [ ! ' ' | ¥ T T T T T T
[ MINOS Preliminary
40~ -~ Data (v)
[ — Oscillated MC
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30[ _
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FUTURE &

'MINOS Preliminary

SI)O% MC Se]nsitivity .
1.7 x 10°° POT
— 3.5x 10°° POT
— 4x 10°° POT

— 5x 10°° POT .
D v, Data 90% C.L.

IAm?l and IAT] (107 eV?)

5 06 07 08 09 1
sin®(26) and sin*(26)

1.7e20 existing amnti-v
data +

Additional data with
samie amnti-v parameters
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ENSITIVIMY

IAm? and 1Al (107 eV?)

T

'MINOS Preliminary

90% MC Sensitivity ‘:

1.7x 10®° POT
— 3.5x 10°° POT
— 4% 10°° POT

—5x10° POT
[:] vy Data 90% C.L.

5 06 07 08 09 1

sin°(26) and sin?(20)

data +

additional data with CC-

v, parameters
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S}

EARGR FOR v,

Brief %«,EWE@ of the world s

e MINOS presemnt EEEEEEL@

Jenny Thomas

amnd
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MINOS: SEARCHING FOR Ojs

@ The probability of v, appearance in a v, beam:

P(v, — v.) =~\_sin?(20;3)sin*(023)[sin*(1.27 Am3,L/E)]
F  O(sin(613) sin(dcp))

@ Searching for v, events in MINOS, we can access sin’(20,;).
@ Probability depends not only on 0 but also on dcp

@ A non-zero 8,53 would open the door to a CP violation measurement in the
neutrino sector which could reveal the origin of the matter/anti-matter
asymmetry of the universe.

4411/11 Jenny Thomas



SELECTING Ve EVENTS WITH ANN

EVENT CHARACTERIZATION IN LENGTH, WIDTH AND SHOWER SHAPE

Far Detector MC MINOS PRELIMINARY Far Detector MC MINOS PRELIMINARY Far Detector MC MINOS PRELIMINARY
T I L [ LA L T v 7 ] T T T
Preselection Preselection r ‘ Preseléction
rov 0.1 — Signal _ 0.1~ — signal 0151~ — Signal
] > > >
- = — Background = r — Background = — Background |
~ % :E o 01- N
o S 38 3
~ O 0.05 | 9005 [
™ o L o H o F 1
g 0.05/- -
-
r+\
— i 1
L A [ | ,
00 0.5 1 1.5 2 00 0.2 04 0.6 0.8 1 00 2 4 6 8
Shower fall fit parameter (parameter b) Fraction of pulse height in a narrow road Lateral shower spread RMS (strips)

Far Detector MC MINOS PRELIMINARY

« 11 variables chosen [ breselection S ———
describing length, width - __ signal »
and shower shape. o )

£ 0.1~ _— Background

« ANN algorithm achieves: 8
« signal efficiency 41% e | :
« NC rejection >92.3% a. 0.05 AZED |
e CC rejection >99.4%

e signal/background 1:4 ok0 s -~
ANN

4/11/11 Jenny Thomas  Am?23,=0.0024 V2, sin%023=1.0 45



) D DATA
sicebanadl seleclted

MINOS PRELIMINARY MINOS PRELIMINARY

Events

T T T T T T T T |
i Blinded Region -
- —— MINOS FD Data i Selected
40+ el L 401 7
0 I Background Prediction 0 i ——
722%] signal at CHOOZ limit ..3 +
O
@ +
20 20 : —
| | = MINOS FD Data |-
Background Prediction
K555 BestFit Signal
079 0.5 1 0 0.5
ANN Selection Variable ANN Selection Variable

- OBSERVE A TOTAL OF 54 EVENTS
o EXPECT 49.11+7(STAT)+2.7(SYS)

OBSERVE A TOTAL OF 327 EVENTS.

EXPECT 314+18(STAT) BACKGROUND EVENTS
DIFFERENCE OF 13 EVENTS ALSO . DIFFERENCE OF 4.9 EVENTS

CONSISTENT WITH CHOOZ LIMIT
0.75 SIGMA EXCESS

« 0.7SIGMA EXCESS
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MINOS 90% G.L. FOR SIN?20:3

sin?(26,,) < 0.12 (0.20) at 90% C.L.

d¢p(T)

Monte Carlo Sensitivity for 4x1 0®POTV Running

2.0 | :
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0.0 0.1 0.2 0.3

.2 -
2sin’20, ,sin’0,,

Anti-neutrino reach
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SENSITIVITY
(Am3,>0, dcp=0, 0,,=1/4)
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EARCE FOR STERILE NEUTIRINOS




arXiv.org > hep-ex > arXiv:1101.2755v1

High Energy Physics - Experiment

The Reactor Antineutrino Anomaly

& G. Mention, M. Fechner, Th. Lasserre, Th. A. Mueller, D. Lhuillier, M. Cribier, A.
Letourneau

(Submitted on 14 Jan 2011 (this version), latest version 3 Feb 2011 (v3))

Recently new reactor antineutrino spectra have been provided for 235U, 239Pu, 241Pu and 238U,
increasing the mean flux by about 3 percent. To good approximation, this reevaluation applies to
all reactor neutrino experiments. The synthesis of published experiments at reactor-detector
distances <100 m leads to a ratio of observed event rate to predicted rate of 0.979(0.029). With
kst our new flux evaluation, this ratio shifts to 0.937(0.027), leading to a deviation from unity at
98.4% C.L. which we call the reactor antineutrino anomaly. The compatibility of our results with
the existence of a fourth non-standard neutrino state driving neutrino oscillations at short
distances is discussed. The combined analysis of reactor data, gallium solar neutrino calibration
experiments, and MiniBooNE-neutrino data disfavors the no-oscillation hypothesis at 99.93%
C.L. The oscillation parameters are such that |[Delta m_{new}A2|>1.5 eVA2 (99%) and
sinA2(2\theta_{new})=0.17(0.1) (95%). Constraints on the thetal3 neutrino mixing angle are
revised.
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NEUTRAL CURRENT N

IRATIES

_IIIIIIIIIII|lIlllllIlll]lllllllllllllll_

MINOS Preliminary

—+— Near Detector Data

onte Carlo Expectation

N
o

v, CC Background

W
o

N

10* Events/GeV

\k\\\l\\\\l\{\r\\li}\l\\lmn : 9
0 2 4 6 8 10 12 14 16 18 20

Ereco (GEV)

4/11/11 Jenny Thomas

EAIR EVIENT

e Neutral Current event

rate should not
change in standard 3
flavor oscillations

@ A deficit in the Far

event rate could
indicate mixing to
sterile neutrinos

V., CC events would be
included in NC
sample, results
depend on the
possibility of Vv
appearance
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NEUTRAL CURRENTS IN ThHIE FAR

IDETEGCTOR

T I LI | 1T I L | LI I T
MINOS Preliminary
Far Detector Data

3=0°

100
g «913=11.5°,5=7t
388 4 [ v, CCBackgroune
ool AmZ,| = 2.35x10°° eV?
g Ok +

.2 —_
sin 2923 =1

00 8 0 1T 50
o (GeV)
PV —V
fs = 1 ;) — < 0.22 (0.40) at 90% C.L.

4/11/11

@Expect: 757 events

@0bserve: 802
events

@No deficit of NC
events

Q@Rules out sterile
neutrinos between
about 0.4eV? and
5evV?, and with
probability >~ 0.04

@Anti-neutrinos???
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LAST BUT NOT LEAST

@MINOS has the biggest collection of neutrino data in

the world
OND is the first neutrino experiment not to be

statistics limited!!
@In the ND, cross sections have been measured

1.0 S L
0 9 :_ _:+GGM-PS
’ E E*IHEP-ITEP
> 0.8 ;} !}%%% v N i-EO-SKAT
3 o7l L% %B@wbgﬁ&_% H e
T o6} + | T T cowere
gg’o 0.5 i_ —i'ﬁ"CCFRR
i - o -]~ CCFR 90
S o04f . F b sl N e coms
* 03 SRS X5 Thh‘rﬂHg AR = mee.ane
blLLl ) * J-e-ccFr 96
02 —= NuTeEV
- —*~ MINOS -4 NOMAD
0.1 g — world cross-section 30-50 GeV ]
0'00 10 20 30 40 50

Neutrino Energy(GeV)

MOST PRECISE DATA IN THE WORLD ACROSS A LARGE ENERGY REGION
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o the
future
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WEIAT DO WiE EKNOW

Q@ RNemntrimo Oscillations have been discovered?
@ Non conservation of CC event rate over distance

Q@ Precision measurement of oscillatio
parameters has EB%%EE made 33§' MIN /@E\{f

@ 5-10% errors on parameters of the MODEL!

9 This has comvinced everyone that the first
matrix to be writtem dowmn is correct

@ Throw away all the rest of the information to focus
on one parameter of this matrix, 0,
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PRIEGISION MEASURIEMIENT?

~MINOS Preliminary

Z LINE-SHAPE FROM ALEPH 300i MINOS FarDetector -
% | —}— Far detector data
-T—i ® Q) I N| No oscillations
© 3| hadrons _9200'? ’| [ Nc background R
[ cC i
) :
i ll P,
% 5 10 15 203050
Reconstructed neutrino energy (GeV)
MINOS Preliminary
| | MINOS Falr Detector :
>300_ —+—Fardet.ect(.3rdata _:
[0} No oscillations
L ] | . . . . (D Best oscillation fit i
o.zfs 80 %0 oI 92 |93 o1 EZOO:— [[] NC background —
1‘} | ﬂ! iRl %* o | ]
B % T £ TR R 931|_’ L [ + 1
O_

b 2 4 6 8 10
Reconstructed neutrino energy (GeV)



D 0
S S

Vi CCevents/ kt/ 1E21 POT /0.2 GeV
N
)

PRIECISION MIEASUREMIENT

Medium Energy Tune

|
B ® On-axis
. e 7 mrad o

Q@ [Im fact this
precision
measiurement is so

onvincing that we

E’é ave decided

(world w’a‘@L e) to

throw away all the

other EEEE@?EE’E@:LEL

area under the
black points will be
ostl

@ "4000 evemts/year
between 4-10GeY

Wc:
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EGCISION MEEASURIEMIZNTT?
MINOS Preliminary

w 1.5

-

@)

—

©

o 1

m -

O - gt N

O el

C -

_9 0.5 Far detector data |

@) Best oscillation fit 1

'..C—B. Stats. only decay fit -
Stats. only decoherence fit |-

o SiEs O SOSOAPTSIES T

S 2 48 8 1o
Reconstructed neutrino energy (GeV)

* Initial estimates give ~3000 events in this region in one year of Nova running
(about 2x what we have in the LE peak region after ~5 years running)

* In 4-10 GeV region error bars go from 25%/GeV to ~5%/0.5GeV after 2

years
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RATIO OF 0SGILILATIED TO N@N=®§@E@K@EE@

©

NuMI-NOvA beam, 3 years in MINOS @% E
©

Probability




MINOS, MINOS+ ANID N@v%\@

0.0026

MINOS 2011
MINOS+
NOvA

One year

of
MINOS coes to dominate
\\ ment

Am?

NOv ?\

oy -

complete

\\

0.0026

—— MINOS 2011
0022 —— MINOS+
——— NOVA
— All
0.002Q 55— 08 085 1
sin?(20)

Three years of MINOS+
NOvVA complete after first 18 months

Significant improvements to
parameters’ accuracy over 3 years
period due to MINOS+



SUMMARY OF PRIECISION

[ Sin26,,, MINOS,NOVA and MINOS+NOVA

08""'""""'""'/\""""""""'
-0 0.5 1 1.5 @ 25 3 35 4
@ Year from Jan 2012

<

@\

3

NS

| Am? (eV?), MINOS,NOvA and MINOS#NOVA |
i MINOS
0.0026 NOvVA
E & NOvA+MINOS
O

“0.0025 T2K (3.0e20POT and x2 each year)

VRN YT TN TR (NNNY WY TN TN TR (UYWAY TRNY WY NN (N TR WO WO TN (Y WY WO NN TN (Y WY AN RN TN (Y VNN NN U W N TR T W1
\ e 0.5 1 15 2 2.5 3 35 i
Year from Jan 2012




[ NuMi-beam, MINOS, ND |
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 Structure could be resolved (smaller Am?,,)
« Just rate comparison across 4-10 GeV will be precise measurement for larger

2
Am<y,
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« Could be augmented by ND measurements if beam flux was better known
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NON STANDARD INTERACTIONS

Q@ QOur amti-meuntrime resmit MINOS: v, and v, Disappearance
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EXTRA IDIMENSIONS

P A N.Machado,H Nunokawa,R.Zukanovich Funchal,hep-ph/1101.003v1

MINOS, L =735 km (without matter effect)
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15

Assumes RH

| (sterile) neutrino +

extra dimensions!

After 1 year
post nova
running
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EXTRA IDIMENSIONS

PA.N.Machado,H.Nunokawa,R.Zukanovich

Bounds on (Flat) Large Extra Dimensions
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Refs. Giudice and Wells, PDG2010, JPG37, 075021 (2010), p1354
Hannestad and Raffelt, PRD67, 125008 (2003) [Erratum, PRD69, 029901 (2004)]
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IBIEAM

@ Off axis Nova N
Q@ Omn Axis MINOS NID

@ Flectrom éj@EEEEE%EE@EEE Minerva

7z &

9 A good flux measurement helps everyone
@ We do not have precision on this yet!
@ Expectation of < 5% per 0.5 GeV bin

4/11/11 Jenny Thomas
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NEUTRINO MASS

=

Q9 [t is arguable that the fact of meutrino mass
tell us that there is physics at the GUT scale

@

oe

9 The massive Ril-Majorana nmeutrines which seem to

be there naturally via the see-saw mechamnism are
the favored explanation as to why nmeutrimoe mass is

s@ smmiall

9 We Ea uld look everywhere for this evidence, not
just in v ->v,

Q@ The i\ELML/ML OS/Nova facility will be unique in the
vorid

@ No other wide band/narrow band beam facility exists
now
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CONCLUSION

@ MINOS has made a step change in our
understanding of neutrino oscillation
parameters and cross sections using
accelerator generated neutrinos

@ Some interesting measurements still to be
made in the neutrino oscillation field
@ MINOS: \\ .~ anti-nexy=inos
@ Nova and|i T2t
@ MINOS+ intermediate energies
@ OPERA : more tau events

@ The new understanding of neutrino
oscillations puts a search for fundamental
neutrino type (Majorana or Dirac) into the
forefront, and into a window of experimental
opportunity

4/11/11 Jenny Thomas 68



LETS NOT BE ARROGANT ABOUT WHAT WE EXPECT TO SEE:
NO REASON FOR STANDARD HIERARCHY, OR DIRAC NEUTRINOS
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