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Why Neutrinos?

o Neutrinos oscillate

< Neutrino mass is beyond the SM

o Consequences to the history of the
universe

< Matter-Antimatter asymmetry
o Structure formation

© Supernova mechanisms

o Life on Earth?*

*“Supernovae, Neutrinos, and the Chirality
of the Amino Acids” arXiv:1106.4330v1
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How to Make a Neutrino Beam

Accelerate protons to 120 GeV in the Maln Injector
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How to Make a Neutrino Beam

Smash them into a graphite target
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How to Make a Neutrino Beam

Focus outgoing mesons (7’s and K’s)
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How to Make a Neutrino Beam

Let them decay into neutrinos

Main Injector

Target A
\ ‘ 2m v,
120 GeV' .
p's from M ™ “
v
h 15 m " 30m 675m

Recent Results from MINOS

= 9Dac
SSI 2011 4.4/ 28



|
How to Make a Neutrino Beam

T T T

T T
v, Spectrum

"
V.V, : 1.3%

o ;
b Neutrino mode  § spectrum E|
i Horns focus ", K* 3
 30F E
-— E E|
& 250 3
& 20 v 91.7% 3
15E v 7.0% E

3

S

25
e (GeV)

Main Injector

Target A
\ 2m v
120 GeV' =
p's from M ™ b “
v
- 15 m " 30m 675m

. A. B. (UNICAMP) Recent Results from MINOS SS1 2011 4.5/ 28




|
How to Make a Neutrino Beam

£ T T T T T el E T T T T T E

E . v, Spectrum 3 E ;s . v, Spectrum

ng_ Neutrino mode V‘J Spectrum E| 225_ Anti-neutrino Mode V: Spectrum E

3 Horns focus 1%, K* 3 3 Horns focus ', K* 3

o %0 3 2 s0F enhancing the V, flux E

S 25F ER) _ E

2 200 vi o 917% E Ve o 39.9% 3

15F v, 7.0% 4 156 X 58.1% E

1051 v+, 1.3% 3 10F- v+, 2.0% E

5] E 5E E

£ E| E ; E

% 5 10 15 20 25 30 5 10 15 20 25 3

Epe (GeV) Eqe (GEV)

Main Inj r _
a ]eCtO Target Focusing Horns A
\ ‘%\) 2m "
120 GeV | — kel
p's from MI - Vi
\ 4
<& > <&
< > 4> <¢
15 m 30m 675 m

Coelho, J. A. B. (UNICAMP) Recent Results from MINOS SS1 2011 4.6/ 28



]
Beam Performance

Beam intensity has been increasing
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How to Make a Neutrino Detector
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How to Make a Neutrino Detector
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How to Distinguish Events
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Neutrino Oscillations
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Comparing v,-CC Hits

Are muon neutrinos disappearing?

Coelho, J. A. B. (UNICAMP) Recent Results from MINOS SSI 2011 9.1/28



Comparing v,-CC Hits

v; T

V2

v

Coelho, J. A. B. (UNICAMP)

Popsv, =1 — sin?(203) sin?(1.27Am3,

v, spectrum
Unoscillated

Oscillated

ey

Monte Carlo
= L

o
3
2300
Am3
32 2001
| ) 100
i Amj, ="

4 6 8 10
Visible energy (GeV)

MC Input Parameters

sin?(26093) = 1.0

Am3, = 3.35 x 1073 eV?

Recent Results from MINOS

SSI 2011

)

9.2/ 28



|
Comparing v,-CC Hits

Po, v, & 1 — sin®(2023) sin*(1.27Am3, L)

v; I o 14,
o 14 -
£ 12} spectrum ratio
5
2 g o
Amgz, 2 1 of Characteristic +
=~ 0'81_ Shape +++
ki 0-6# +++
K o +
5 04F A +
V2 TAmE, &oal\ o+
v, I 2] E N\ Monte Carlo
(“t 4 6 8 10

- - - 2 Visible energy (GeV)

MC Input Parameters
sin?(26093) = 1.0
Am3, = 3.35 x 1073 eV?

Coelho, J. A. B. (UNICAMP) Recent Results from MINOS SS1 2011 9.3/ 28



|
Comparing v,-CC Hits

Po, v, & 1= sin®(2023) sin®*(1.27Am3, L)

v & - 14
3 N spectrum ratio
= 1'zz_sin2(20)
am2, &1
m u
2 Sos ++H‘HH’
ki °-6$ +++
S +
v | % 0.4_— -+. ++
2 Am3, 8oz T+
v, I 0(: +e Monte Carlo

2 4 6 8 10
- - - Visible energy (GeV)
MC Input Parameters

sin?(2643) = 1.0
Am3; = 3.35 x 1073 eV?

Coelho, J. A. B. (UNICAMP) Recent Results from MINOS SS1 2011 9.4/ 28



Comparing v,-CC Hits

Po, v, & 1 — sin®(2023) sin®*(1.27Am3, L)

v; I o 14,
o 14 -
£ 120 , spectrum ratio
g 1Am
Fe—>,
A o +<HH’
3 7% 1 ++
Toet | a4t
8 r | +
| E 0.4_— .+. 1 +
V2 Am2,  &o2 e
v, I 2] 'e(; -o Monte Carlo

2 4 6 8 10
- - - Visible energy (GeV)
MC Input Parameters

sin?(26093) = 1.0
Am3, = 3.35 x 1073 eV?

Coelho, J. A. B. (UNICAMP) Recent Results from MINOS SS1 2011 9.5/ 28



|
Comparing v,-CC Hits

Precision measurements of oscillation parameters
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Expected 2451 events with no oscillation.
Observed 1986 events.
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Precision measurements of oscillation parameters

P ————] » 1.5 Aamasnasas
MINOS Far Detector CC) I
=300 —— Fardetector data | =
8 No oscillations ] % 1>
<200k Best oscillation fit | 8 I
i) r [ NC background o -
c [ c H
[} L |
Lﬁ1 007 N "g 05: + Far detector data
:g L Best oscillation fit
. ! ! h ] o ! ! . L .
5 10 15 20 30 50 c0 5 10 15 20 30 50
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)

Best fit at |[Am?| = 2.32 x 103 eV? and sin?(26) = 1.00

Coelho, J. A. B. (UNICAMP) Recent Results from MINOS SSI12011 10.2/ 28



|
Comparing v,-CC Hits

Precision measurements of oscillation parameters
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TPhys. Rev. Lett. 82, 2640 (1999) tPhys. Rev. D 67, 093006 (2003)
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Comparing v,-CC Hits

Precision measurements of oscillation parameters
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How small is the small v, contribution?
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How small is the small v, contribution?
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How small is the small v, contribution?
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Difficult to distinguish NC and v,.-CC eve
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Difficult to distinguish NC and v.-CC events
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Library Event Matching (LEM)
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Library Event Matching (LEM)
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Most sensitive 6,3 measurement to date
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Comparing v.-CC Hits
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Assuming 6cp =0, 012 = 7T/4, Am?> 0
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Comparing MINOS and T2K
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Comparing NC Hits

Test of the 3 neutrino oscillation model
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Test of the 3 neutrino oscillation model

VS

2
| Amy,;

Amy,

vy

NC interaction is not sensitive to flavor
Only 3 light active neutrinos from LEP

Coelho, J. A. B. (UNICAMP) Recent Results from MINOS SSI 2011 16.3/28



-
Comparing NC Hits

No evidence of deficit in NC events
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2 F Q A
5 a0k R V: CC Background g 80F Y V. CC Background
@ F S 60f \Am§2| =2.32x10%eV2
520 g Y oE Sin26,, = 1 E
10 20F N E
o} e o MR IE S aee
8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Ereco (GeV) Ereco (GEV)

Expected 754 (795) events for 613 = 0° (11.5°). Observed 802 events.
fo = os=rs_ £ 0.22 (0.40) at 90% C.L. with 615 = 0° (11.5°)
U}L_>V[—L
Phys. Rev. Lett. 107, 011802 (2011)
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Comparing 7,,-CC Hits

Are antineutrino oscillations the same?
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Comparing 7,,-CC Hits
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Comparing 7,,-CC Hits

Neutrino Running
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Comparing 7,,-CC Hits

1.71x 10°° POT MINOS ¥, running, Far Detector 1.71x 10%°° POT MINOS ¥, running, Far Detector
F— T 7 L ] B B R B B F T L A A ) L
L - F Background |
30_ +MINO§ dalta ) 1.5 Subtracted ]|
i — No oscillations ] e T ]
i [CJBackground i o »I ‘ ]
> T 1 , ]
[0 u b = I I T
Q 20| g Bk |T| ]
7] L i N R
g | ] 205 + + ]
U 1 e | + ]
T 10 i S of N
L ] g T 1
L ] T ]
07 , i L] -0.51 1 R I R PR \\;
0 5 10 20 30 40 50 0 5 10 20 30 40 50
Reco. Energy (GeV) Reco. Energy (GeV)

Expected 156 events with no oscillation.
Observed 97 events.
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Comparing 7,,-CC Hits

Far Detector 1. 71>< 10 POT MINOSv running, Far Detector

1. 71>< 10% POT MINOSv runni

F T T F T T
30 + MINOS data N 1.5 Sublra‘te:’-
i — No oscillations ] @ T ]
| — Best oscillation fit | 2 ’I ‘ _L 1
%, L [ Background | © 1 T ]
Q 20 b S 1
2 1 O r 1
s [ ] 0.5 .
o[ ] % F :
E 10? ] .‘3 o ]
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L | 14 [ — Best oscillation fit ]
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Best fit at |Am?| = 3.36 x 10~2 eV? and sin?(26) = 0.86
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Comparing 7,,-CC Hits

1. 71>< 10%° POT MINOSv runni

Far Detector 1. 71>< 10 POT MINOSv running, Far Detector
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How do neutrinos and antineutrinos compare?
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Comparing 7,,-CC Hits

—_ TTT T T[Ty
|Am?| = 3.361545 x 1073 eV? S MINOS ¥, 90% — MINOS v, 90% -
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- |
&3
2% chance of observing this, I
given identical v, and 7, os- E o 3
cillation parameters. -

05 0.6 0.7 0.8 0.9 1
sin’(26) and sin’(28)
Phys. Rev. Lett. 107, 021801 (2011)
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Comparing 7,,-CC Hits

What to expect with more statistics?

(% 8? " 0% cL Me Sensmvny % 85‘ ‘ " 0% CL. MCSensmvny
- 7:— :17x1gZZDPOT 3 - 7:— :17x10§0P0T 4
5 o =g 1D —ieer
N —5x102POT 1 N AU
€ 5 =% sleL € 5 =05 e -
D A B B |
2 3f 2 3f
© F = © E
T 2 1 €2 ]
ﬁ 4" Il Il Il Il | ﬂ 1’ Il Il Il Il |
05 06_ 07 08_ 09 1 05 06_07 08 09 1
sin?(26) and sin®(20) sin?(26) and sin*(26)
’PUH—>PH ?é ,Puu—n/u ’Pﬁuﬁﬁu = PV‘L*H/H

New results with 2.95x 102 POT exposure expected this summer
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Summary

V3 ﬂﬁ

v, [
v I —

<10%

2
Am3,

Am3,

| Amyy

NC analysis:
fs < 0.22 (0.40)
at 90% C.L.
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Summary

v ) ~ 107 NC analysis:

~50% fs < 0.22 (040)

% C.L
2.32 x 1073 V> at90% C.L.

v,-CC analysis:
|Am?| = 2.325542 x 1073 eV?
sin?(20) > 0.9 at 90% C.L.

v, [
v I —
v4 . -

Am3,
Amy,
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Summary

v; ) ~ 10% NC analysis:

~50% fs < 0.22 (040)

O,
2.32 x 1073 eV? \ at 90% C.L.

v, [
v I —
v4 . -

v,-CC analysis:
|Am?| = 2.32542 x 1073 eV?
sin?(20) > 0.9 at 90% C.L.

Am3,
Amy,

7,-CC analysis:
|Am?| = 3.361545 x 1073 eV?
sin?(26) = 0.867913
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Summary

vy ) ~10% NC analysis:

~50% fs < 0.22 (0.40)
: 3 \j2 at 90% C.L.
2.32 x 1073 eV2

v, I -, |7, "CC analysis:

v —— 3| [Am?| = 2,325 <107 eV?

v, I - 4 [sin?(26) > 0.9 at 90% C.L.
v | [vs |

v.-CC analysis:
sin?(260;3) < 0.12 (0.20)
at 90% C.L.

7,-CC analysis:
|Am?| = 3.3675:45 x 1073 eV?
sin?(26) = 0.867913
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Flux Differences

to far
h ﬂ: t .
targelé, (stifp o . Detedtor
- \

”(:;)ft) Oear T~

Decay Pipe ND
30 T T T T T T T

s 108 > 1 MINOS Preliminary -| Eod MINOS Preliminary |
]
‘”; 25 8 Monte Carlo % r Monte Carlo |
5 ] L 1
S o 107 E Near Detector % = Far Detector 1
E L 1 2
s o 9 o ]
H 10 ol ] >

w
510 S o
8 10° [CH 1 £
8 s P4
£ .

0™ 57 510 15 20 25 30 0 5 10 15 20 25 30
Near Detector Neutrino Energy (GeV) True Energy (Gev) True Energy (Gev)

Coelho, J. A. B. (UNICAMP) Recent Results from MINOS SSI 2011 23.1/28



|
v,-CC Analysis Improvements
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v.-GC Analysis Improvements

Analysis improvements since 2010

Projected 90% C.

L. (Normal Hierarchy)
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Charge ldentification

Negative Tracks Positive Tracks
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Systematic Uncertainties

Neutrinos

Antineutrinos
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v, and 7, Contours
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