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Neutrinos Mix #

» Neutrino flavor eigenstates are mixtures of mass eigenstates.

Ve Uel Ue2 UeS 41
Vr U’7'1 U7'2 U’T3 V3

» Flavor eigenstate: Neutrino born with
charged lepton of a given flavor.

» Mass eigenstate: Neutrino of definite
mass (Tom, Dick, Harry).
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Neutrinos Mix ('3

Solar, Reactor Mixed Sector Atmospheric, Accelerator
Ve C12 s12 0 C13 0 Slge_w 1 0 0 1
V,u = —S12 C12 0 0 1 0 0 C23 S923 %)
V+ 0 0 1 —813615 0 C13 0 —S8923 C23 Vs
. . . |
» With three active neutrinos there V3 | A
are two independent mass
.« L. 2
splittings Am.
2 2 —5 2
AmZ, ~ Amy ~ 8.0 x 107°eV
2 ~ 2 —3 2 V2 [ | | 7
Amatm ~ Am32 ~ 2.4 x 10 eV Amsol

» MINOS is sensitive to the larger of
the mass splittings and 023 v.d v, v,
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Two Flavor Oscillations
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Survival Probability
P,

W

Amss L
v, =1 —sin? (20s3) sin” (1.27 a3 )

P(v,—v,)
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Measuring Neutrino Oscillations

Make a beam of neutrinos.

*  With a reasonably peaked, well understood energy
distribution.

Build at least one detector; ideally two.
 One detector at distance = L.
 One detector at distance = 0.

Determine L and E.

* Larger things are easier to measure, maximize
disappearance — build detector at dip.

* Also bear in mind the cost and flux. Build it at the first
dip.

Pick your favorite Greek god.



MINOS rA

» Three components:

. . . . Soudan Q
* NuMI high-intensity neutrino beam Duluth | 0 g
« Near Detector at Fermilab VN 1)\

Madison

e [Far Detector in Soudan, MN

» Measure oscillations by looking for
disappearance between the detectors

Fermilab

Soudan

» Detectors are magnetized — unique
among oscillation experiments

. Fermilab




Measuring Neutrino Oscillations 7;3

» Make a beam of neutrinos.

*  With a reasonably peaked, well understood energy
distribution.



Making a neutrino beam @

Absorber Muon Monitors

Target
\ Target Hall
120 GeV

Dec‘gy Plpe' p

/ /A

From i _ '
#1 i)

Main Injector Horns
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Target

Making a neutrino beam

4

Production
bombard graphite target with 120 GeV p* from Main Injector

- 2 interaction lengths

- 310 kWV typical power

produce hadrons, mostly 7T and K



Making a neutrino beam

Target Hall

4

Focusing

hadrons focused by 2 magnetic focusing horns

sign selected hadrons
- forward current, (+) for standard neutrino beam runs

- reverse current, (—) for anti-neutrino beam



Making a neutrino beam ’{3

Absorber Muon Monitors
Target D . \ l l l
ecay Pipe ;
\ Target Hall y e, = S\ O
120 GeV ‘ g e alle k==
protons | - - y } S ] e T B
From - === — —- - <
Main Injector Horns#2 77t VR o . > _ _1:'_ ,él_+_ Zﬂ’ y+ Uu
— % S E=sHP RSP =
10 m 30 m J
675 m RocklI Rock Rock
: 5
Hadron Monitor " 12m 18m  210m
» Decay
* 2 m diameter decay pipe
*  result: wide band beam, peak determined by target/horn separation
* secondary beam monitored
7/2212010
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NuMl is Versatile ‘{;\4

» Just as we can make a neutrino beam, we can make an
antineutrino beam by reversing the horn current.

s M v.Spectum 3 s v Spectum
40E- Monte Carlo v, spectrum = 40 Monte Carlo v, Spectrum
350 Neutrino mode E 35 Antineutrino mode
30F- Horns focus #*, K* 3 30 Horns focus 7, K-
25F =
- v. =91.7% 3
20 K E
15F v, =70% -
3 v +v, =13%
SF E
% 5 10 15 20 25 _ 30

\ L/R_Jr\)
120 GeV K W “S—dr

protons _

T
from MI > —> <
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CC Events/GeV/3.8x10°°POT/kt

o
o
o

o
(3]

We can adjust the
peak energy by moving
the target wrt to the
horns

x10°
Beam MC —LE
0 2 4 6 8 10 12 14 16 18 20
Energy (GeV)
7/22/2010

Events / 1x 10"°POT / GeV

NuMl is Versatile

C
T

Or we can turn off the horns altogether...

MINOS PRELIMINARY

High energy

' Cog '
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Measuring Neutrino Oscillations 7;3

» Build at least one detector, ideally two.
e Ohne detector at distance = L.
e One detector at distance = 0.



) The Detectors

Magnetized, tracking
calorlmeters

g, 4t Near«ﬁetecton—;/ \
b . asure beahﬂ‘ e ‘

Y4

befo Fe 7 N

oscﬂlat‘l\oy‘

oy

Iook for change; |n’\t' weam
AN -%Deteﬁor




Detector Technology

» Tracking sampling calorimeters
«  steel absorber 2.54 cm thick (1.4 X,)

e  scintillator strips 4.1 cm wide

* | GeV muons penetrate 28 layers

» Magnetized
*  muon energy from range/curvature
*  distinguish p*from u-

» Functionally equivalent
* same segmentation

*  same materials
* same mean B field (1.3 T)
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transverse position (m)
o &

Events at the Detectors

W Vv,

Mlh T T T

z position (m)

712272010 Simulated Events

v, CC Eventu .

Hadrons

_I]III]

LN I I I L N I B B B B B

R B | TR TR S N TR S W N T

[ T R T W
16 18 20 22 24

z position (m)
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NC Event
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® Deposition < 2.0 pe
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Measuring Neutrino Oscillations 7;3

» Determine L and E.

* Larger things are easier to measure, maximize
disappearance — build detector at dip.

 Also bear in mind the cost and flux. Build it at the first
dip.



Measuring Oscillations @!

P (Vu %VM) =1 -sin’ (2(923)sin2 1.27Am? %

Monte Carlo
sin220 = 1.0, Am2 = 3.35x10-3 eV2

U] 1.4
c v, spectrum E - spectrum ratio
o c 1.2F
>300+ , . -
L Unoscillated o 4F
) 1:—* ------------------------------------------------------------------------- '
o C .
| r it
200 Oscillated S 0.8F < agiae”suc +++H+
% L ape ++
R -
100 g 0.4:— 4 ++
—— - O 0.2- .. *
----- ... Monte Carlo - + ~ Monte Carlo
2 TETTETTE o 2 4 6 8 _ 10
Visible energy (GeV Visible energy (GeV)
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Measuring Oscillations @!

P (Vu %VM) =1- sinz‘(2623lsin2 1.27Am? %

Monte Carlo
sin220 = 1.0, Am2 = 3.35x10-3 eV2

[’ 1.4
g Vi spectrum E - spectrum ratio
300/ . 5 1.2-
L Unoscillated S
) 1:—* ------------------------------------------------------------------------- '
2 o af sin2(20) ++
200 Oscillated E 0.8 ++++
£06 $ +++
0 +
100 g 04- ++
O 0.2- \ s
DA Monte Carlo S Monte Carlo
o2 TTETTE TR o 2 4 6 8 10
Visible energy (GeV Visible energy (GeV)
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Measuring Oscillations @!

L

P(vu %vu) =1 - sin2(2t923)sin2 1.27‘Am2 —

atm

Monte Carlo
sin220 = 1.0, Am2 = 3.35x10-3 eV2

@ 1.4
c v, spectrum E - spectrum ratio
o c 1.2F
>300 , k. B
L Unoscillated D4
n [ e '
S e A2 +
200 Oscillatgd § 0.8- - Am ++++H+
ki 0.6_—+ : 4t
& : ++
100 ‘—3 04- ++
==L O 0.2  :+
----- ... Monte Carlo - T IVlIonte (?arlo
o2 TTETTE TR o 2 4 6 8 10
Visible energy (GeV Visible energy (GeV)
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The Analyses



Oscillation Analysis in Brief Al

Select (anti)neutrino events in the detectors

Measure their energies to produce Near and Far detector
spectra

Use the Near Detector spectrum to predict the Far
Detector spectrum independent of oscillations

Fit the Far Detector data to measure oscillations



Selection ’{3

» Basic selection k-Nearest Neighbors
* In-time with the spill “kINN”’
* In the fiducial volume
* At least | reconstructed track O O Q
» CC/NC separation using a O e O
kNN algorithm
* Compare to monte carlo O . O Cz
events . .
» 4-parameter comparison O ®
* Track length
* Mean energy of track hits the k=6 nearest neighbors contain
* Energy fluctuations along the one red and five blue
track The point has a KNN of 5/6

* Transverse track profile
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Selection

» Basic selection

e |n-time with the SP|” MINOS Preliminary __ MINOS Preliminary_

In the fiducial volume

Low Energy Beam
—e— Data

6 = MC expectation

151 | .

Low Energy Beam

—e— Data

=1 MC expectation

- NC background

—
o
L

== NC background

At least | reconstructed
track

Events / 10'® PoT
N
|

Events / 10'® PoT

(&)}
T

» CC/NC separation
using a kNN algorithm

L L L L L L | L n T | o
0 50 100 0 0.5 1 1.5 2 25
Muon scintillator planes Mean energy deposited per strip (MIPs)

MINQOS Preliminary
L A

«  Compare to monte carlo

R MINOS Preliminary _
events 2t B B
S s oo B I S
» 4-parameter 2 R
comparison g 1 2
* Track length ; 57 1" 7
 Mean energy of track hits 7oz 0a o8 EET 1 OG04 06 08

Signal fluctuation parameter Transverse profile parameter

* Energy fluctuations along
the track

e Transverse track profile



» Basic selection
* In-time with the spill
* |n the fiducial volume

At least | reconstructed
track

» CC/NC separation
using a kNN algorithm

«  Compare to monte carlo
events

» 4-parameter
comparison
e Track length
e Mean energy of track hits

* Energy fluctuations along
the track

e Transverse track profile

Selection

Events / 10" PoTs

10

M

T TTTTT

| IIIIIIII

[ IIIIIII

INOS Il:’rlelilmilnz-llry

Low Energy Beam

—e— data

—— MC expectation

—— NC background

Main Selector

I | L1 1 111l

L LT TTTTT

PR B P ! T
04 0.6 0.8
cc/nc separation parameter

—



Neutrino Selection Efficiency @!

MINOS Preliminary1

5 T 15
e b ] p B
HLED 0.8 —0.8 =
S 0.6- H0.6 3
) i O
0.4 Near Detector Fiducial Only —0.4 <
[ —— CC selection efficiency
0.2 —0.2
I —— NC contamination i
e T ! ]
% 2 4 6 g 10

Reconstructed neutrino energy [GeV]
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Antineutrino Selection

2

» Accept only events with positive reconstructed charge

» Use the Main CC/NC Selector from the neutrino analysis
 Removes NC and high-y CC interactions

» Data/MC agreement comparable to that seen for

neutrinos.

401~
. Near Detector .
| 8.65x 10'° PoT

30[~ Antineutrino Running

-+~ Data

Accept

10j

Events / ton / 1x10'® pot
n
o
I

T T T T T T T T T T T T T T T T T T T T

MINOS Preliminary

— MC Expectation

il l L il 1 L 1 1 1 1 l 1 1 1
—1 -0.5 0 0.5
Track Charge Sign / Momentum (c/GeV)

7/22/2010

'8 bot

Events /ton / 1x10

-
o

107 'E Near Detector

T | T T T | T T T | T T T | T

MINOS Preliminary | Main Selector
—*-Data

= MC Expectation
I Total Background

- 8.65x 10" PoT
 Antineutrino Running
| 1

| PR T R

o 02 04 06 08 1
CC/NC Separation Parameter
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Antineutrino Efficiency ('3

33100

D i . |
O 80l MINOS Preliminary ]
% i Simulated Far Detector i
& 1 NC Contamination :
= 60 v, Contamination ]
O I . . i
- I Selection Efficiency i
o 40 .
S | Monte Carlo ]
= 20 i —
O - =
&l e
(D) . |
» 9

5 10 15 20 25
Reconstructed Energy (GeV)

High energy v, contamination does not affect the oscillation result



Oscillation Analysis in Brief ',7;3

» Measure their energies to produce Near and Far detector
spectra



- - NN
o O O

Events / GeV / 10'° POT
(@)

1 1 1 | | | I I I I I I I I I I I
MINOS Preliminary ~—* Lowenergy beam
Near Detector —o&— High energy beam (x0.

Fluka08 MC

III|IIII|IIII|IIII|IIII“FIII

—r —r )% ]
o o o

o

Events / ton / 1x10'® pot

00' ~ 5 10 15
» Neutrino mode

» Most of our data taken in Low
Energy configuration

» High energy beam to give events

above oscillation dip

= 20
Reconstructed Neutrino Energy (GeV)

Near Detector Energy Spectra

>

| T T T T I T T T T |

-+ Data

Near Detector
8.65x 10'° PoT

IIIIIIIIIIIIIIIIIIIII

- MINOS Preliminary

= MC Expectation
I Total Background

Antineutrino Running

IJlIlIllIIlllIIllIlIl

L ]

| " | 4
0 5 10 15
Reconstructed v Energy (GeV)

Antineutrino mode

Flux and cross section uncertainties
cancel when extrapolated from Near

to Far detector.

N
o
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Oscillation Analysis in Brief

Use the Near Detector spectrum to predict the Far
Detector spectrum independent of oscillations



Near to Far Extrapolation 13

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

+/-
P Target . N ==
"\ —>>
: ~ Far
Decay Plpe Detector
E,~ 0.43E,/ (1+y,%6,2) Near
Detector

» Neutrino energy depends on angle wrt original pion
direction and parent energy
*  higher energy pions decay further along decay pipe

e angular distributions different between Near and Far
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(=
o

Events/Kton/1x10'® POT

100

beamline geometry

Beam Matrix Extrapolation i!

A beam matrix extrapolates measured Near spectrum to Far

Matrix encapsulates knowledge of meson decay kinematics and

«  Matrix element M; reflects the probability of obtaining a Far event with
energy E, given the observation of a Near event with energy E,

» MC used to correct for energy smearing and acceptance

30

i ufi:.10'6

o 7%10_7

=10

N
o
T [ T T T T

..:. §10-9

g

—_—
o
T ‘ T T T

>
)
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~
>
(@)
—
()
C
()
=
[>
—
e}
-—
(®)
0}
-—
[}
©
—
®©
L

| ) MIN|OS preliminarY
10 20 30
Near detectorv, energy / GeV

i
True E_ (GeV)

Monte Carlo
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Oscillation Analysis in Brief

Fit the Far Detector data to measure oscillations



IAm? (107 eV?)

N

N

MINOS PRELIMINARY

6 90% Fiducial events __
7.2x10° POT
4 _
2 N
B Vs \;\
2 'oés"p'fg"'oés"'a"'1'65"'1'1\
' T sin?(20) ' TN
/Far Detector MC __ MINOS PRELIMINARYN
n Fiducial events |
B 7.2 x 10 POT -
0.051 x -
0.00(— \///\ -
-0.05- .
B Monte Carlo 1
01050001 0 001 002

d(sin®(20))

Systematic Uncertainties

Vv, running

3.42

w
~
[e)

oY)
(%)
[o¢)

IAT(107eV?)
S
I | 11 | 1T | 11 | 11 I 11 | 11 I |

\ H \H (

3.34
3.32
3.30 N D RS SR ST S |
0. 8{15 0.85 0.855 086 0.865 0.87 O.§75
sin*(20) y
\\ Wy /
9 , ,
:\ N I" elimine 1.71 | 7
45~ N /
Za0f
S
Nr_a 3.5:* | I
< B systbrn!tlc
3 .O:— uncertainties
25 e
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Far Detector Neutrino Data

Reconstructed neutrino energy (GeV)

MINOS Preliminary
| ' ' ' I ' ' ' I ' ' o
MINOS Far Detector -
—4— Far detector data _

No oscillations

Best oscillation fit

:l NC background —

B

L

2

4 6 8 10

MINOS Preliminary

0_"

I S

{4

—4— Far detector data
Best oscillation fit
Stats. only decay fit

Stats. only decoherence fit
1 L L L l . . ] L .

n 1.5
C =
o }
o
S 1
()]
O |
o |
C |
_90.5_
O
T
oC
0

Reconstructed neutrino energy (GeV)

2

4 6 8 10

IAm2l (10°%eV?)

» 2,45 | expected without oscillations

MINOS Prellmlnary

3.5}

| —— MINOS 90%

2.5_—

| —— MINOS 2006 90%

[
7 2><1020 POT f|du0|al events

®  MINOS best fit

— — MINOS 68% ¢ T
MINOS 2008 90% S
\_

P B I R
0.6 0.7 0.8 0.9

—t

sin?20

» 1,986 observed events

Am2, | =2.35708 x107 eV?
sin’(26,,) =1

sin®(26,5) > 0.91 (90% C.L.)

atm ‘




Far Detector Antineutrino Data ~ Z¥

171><1O20 POT MINOSv running, Far Detector MlNOSV runnlng
T \ LI Ll L L Ll b W b T ' T
30 +MINOS data N . — MINOSv 90% i
i — No oscillations 1 6l - M|NOSV 68% _
i — Best oscillation fit i & ® Bestv, Fit
= | [ Background ] > i ]
O 20 s [ - .
4@ B ] (o) =
o | ] o 4yl
Lo MINOS Preliminary \ID
2 10 . =
i i o] N
0 p | Ll : 'ﬂ 2_ N
0 5 10 20 30 40 50 L MINOS ngllmlnary E
Reco. Energy (GeV) i 1 T1x 10I POT v, mode | | A
1.71x 10 POT MINOS ¥, running, Far Detector O 5 O 6 O 7 O 8 O 9 1
P 155 expected 2
- MINOS Preliminary Background - . S|n ( 6)
150 Subtracted without
c L —.— i
= 1| J, ] oscillations
= ] +0.45 -3 y
3 7 | v 97 observed  ||ATTL, | =3.3670% x 107 eV
20.5¢ ] events N
L - ] . . 1 = =+
o of 1 No-oscillations SII 2623 0.86+0.11
0
© | < MINOS data — : L.
@C [ —Best oscillation fit ] h)’POthGSlS IS
05, . s disfavored at 6.30
0 5 10 20 30 40 50

Reco. Energy (GeV)

69



) Neutrinos and Antineutrinos (\.!
A2, | = 33604 %107 eV?|  ||Am], | =235%0 x107 eV’

atm atm

. - . 2

sin?(26,,) = 0.86 0.11 sin’(260,,) >0.91 (90% C.L.)
> 6;' — MINOS¥,90%  — MINOSv, 90% 1
© I ... MINOS¥,68%  --- MINOSv, 68% |
O?O 5 B ® Bestv, Fit @ Bestv, Fit ]
— - 1.71x 10* POT 7.24x10%° POT -
o~ /7 ]
€ 4 .
2 ¢ y
© i ~-. i
= 3r T~ e B

- MINOS Preliminary — =

N § ~—.®
g 2_I PR R A NN T TN S R A S O T SO AN T S NS S SR _—
— 05 06 07 08 0.9 1

sin“(20) and sin“(20)
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With More Antineutrinos... ('3

—(° 1R /[ ORS Tl 1 (V11
or — 1.7 x 10 POT
—_ - — 3.5x 10®° POT
c\'> 5 — 5x 10°° POT
() i — 7 x 10%° POT
o n
o ‘_
— 4t
N—" |
E 3
<
MINOS Preliminary
|

2 | I R R N T S T L1
05 06 0.7 08 0.9 1
sin®(20)

» Even just another 4.5 months of running (double the current

data set) would decrease the error by ~30%.



Conclusions @!

» MINOS has the most precise measurement of |Am?__|

» MINOS has the first direct, precision measurement |An_12atm|

Am’ | =235700 x107 eV? | [lam2 [=3.367% x107 eV’

atm atm

sin®(26,,) > 0.91 (at 90%) sin*(20,,) =0.86 +0.11

»  With more antineutrino beam we can rapidly improve the
precision on the antineutrino oscillation parameters
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MINOS Physics rA

»  Talked about: OS5 PRELIVINARY

- I I ! I ! -
[ - ANN .
) - g —=— MINOS FD Data 1
«  Measurements of [Am?2__| and sin2(20,,) & [ = BestFitSignal ]
, , 2 I NC ]
via v, disappearance X 20 =k s v, CC .
«  Measurements of [Am?, | and sin?(20,;) g Vet o ]
via v, disappearance R s 1
0 ................ 3 4 ._._._, .,_,_,_,,_,_,_.. .._._._. ................
N Didn’t have time for: Reconstructed Energy (GeV)
Feldman-Cousins Contours for ANN
: 2.0p e BARRRSSSS e
o  Search for sub-dominant vV, >V, : 7x10%° POT ]
oscillations via v_appearance s —— 90%CL.Am>0 3
1.5 = 90% C.L.AmZ,<0 E
C = Best Fit Am2,>0 ]
. B S W ¥ | LTI Best Fit Am2,<0 3
«  Search for sterile v = Lob cHoOZ 00k it =
000 § Zsin2923=1 for CHOOZ é
*  Atmospheric neutrino and cosmic ray 0.5F =
physics 5 MINOS E
: PRELIMINARY 3
L. L. PP | PR | IR R -
. . o 0.0 0.1 0.2 0.3 0.4
e  Study V interactions and cross sections in 2sin?26. sin%
N Detect sin“20,,sin’0,,
ear Detector
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4

Talked about:

Measurements of |Am?

via v, disappearance

Measurements of [Am?,_ | and sin%(20,;) 60/~

via v, disappearance

Didn’t have time for:

Search for sub-dominant v, > v,
oscillations via v_appearance

Search for sterile Vv

MINOS Physics

| and sin?(20,,)

atm

2

40

Events/GeV

20—

MINQS Preliminary

—— Far Detector Data
e 05=00 :
----- 0,,=12° 5=3m2 |

Y v, CC Background |
|AmZ, | = 2.43x10° eV? ]
sin"20,, = 1

Atmospheric neutrino and cosmic ray

physics

Study V interactions and cross sections in

Near Detector




MINOS Physics rA

N _l T T T | T ] T ] T I T T

. > - MINOS Preliminary .

g Talked abOUt' ) - Atmospheric Neutrinos, 24.6 kT-Yrs V ]
~

2 ) é_— 68%
«  Measurements of [Am?2__| and sin2(20,,) g S
via v, disappearance [ —— %
_ 10%F
. I".Iezisurgments of |AmZ | and sin2(20,,) :
via v, disappearance i
10°

IIII[III

» Didn’t have time for:

«  Search for sub-dominant v, > V,
oscillations via v_appearance

. Search for sterile Vv

*  Atmospheric neutrino and cosmic ray
physics

*  Study V interactions and cross sections in

Near Detector
7/22/2010 Zeynep Isvan - NeutU 2010




MINOS Physics

»  Talked about:

«  Measurements of |[AmZ2__| and sin?(20,,)

atm
via v, disappearance
«  Measurements of |Am?__| and sin2(2923) 060 F——— ]
ia Vv di ran i
via H Sappea anhce 0.55 [ — world ratio 30-200 GeV } N
. . S S -
»  Didn’t have time for: 5 0°0] { } l ‘
S o045 | Pt } ]
- Search for sub-dominant v, > V, oyt
oscillations via v_appearance 0.40 - .
. 0'350 IIIK 1l0 H‘I 2I0 Ill‘ 3‘0 ‘III 4IO l“‘ 5I0
. Search for sterile Vv Neutrino Energy(GeV)

*  Atmospheric neutrino and cosmic ray
physics

*  Study V interactions and cross sections in
Near Detector



Thank you!



Backup



Making an antineutrino beam i!

»  Hadron production and cross sections conspire to change
the shape and normalization of energy spectrum
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Peak vs. Tail ‘é‘
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» Vv, sfrom low=p, TT"s |

g

Peak vs. Tail ‘é‘
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Neutrino Contour by Run @!
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A combined analysis
using all antineutrino
data is planned.




