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*The NuMI Project: MINOS

Beam & Detectors

Muon Neutrino Disappearance
Neutral Current Events
Electron Neutrino Appearance

* OQutlook




Neutrino Mixing v, |=U|v,
* Assume that neutrinos do have mass: \V: Vs )

mass eigenstates # weak interaction eigenstates
Analogue to CKM-Matrix in quark sector!
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with ¢; =cos(6,), s; =sin(g, ), 6; = mixing angle and A4m} = mass® difference
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Neutrino is produced in weak eigenstate
It travels a distance L as a mass eigenstate
It will be detected in a (possibly) different weak eigenstate

Simplified model with two neutrinos only
Vﬂ > > g V,u or V.
ViV

P(v,>v,)= Sin2(29)sin2(

1.27Am2Lj

14



Oscillation Signature

P(v, »v,)=1-sin’(20)sin*| 1.27Am* é‘ j
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Oscillation Pattern
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Experimental Setup

MINOS
(Main Injector Neutrino Oscillation Soudan q
Search) Duluth .4

A long-baseline neutrino oscillation

experiment

Madison
o

Near Detector at Fermilab to
measure the beam composition

Far Detector deep underground in
the Soudan Underground Lab,
Minnesota, to search for evidence
of oscillations

Fermilab
735 km " 12 km
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Making Neutrinos (II)

Target Hall
A

Decwipe

Target

Protons from o \

Main Injector v

Horn 1 Horn 2

Absorber

Muon Monitors

10m T

30m

Neutrinos from the Main Injector (NuMl)
10 s spill of 120 GeV protons every 2.2 s
250 kW typical beam power
2.5 X10%3 protons per pulse
Neutrino spectrum changes

with target position
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Protons per week (E18)

Beam Data Analyzed

Total NuMI protons to 00:00 Monday 14 February 2011
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MINQOS Detectors

* 3 MINQOS Detectors

* Near Detector @ FNAL (ND)
* Far Detector @ Soudan (FD)
* Calibration Detector @ CERN (CalDet)

6/6/2011

* Magnetised steel scintillator tracking calorimeters
* functionally identical




Soudan Underground Lab
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S LEVEL NO. 275

234 FEET BELOW THE SURFACE

689 FEET BELOW SEA LEVEL

*  former iron mine, now a state park, home of
Soudan-1 & 2 , CDMS-II, and MINQOS experiments




Detector Construction (I)
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Detector Technology

Scintillator strip

Near and Far Detectors are
functionally identical:

* 2.54cm thick magnetised steel
plates

* co-extruded scintillator strips

* orthogonal orientation on
alternate planes — U,V

* optical fibre readout
to multi-anode PMTs

"\ PS scint.
\'Y 4.1x1cm

U V planes
+/-45°

Clear
Fiber cables

Multi-anode PMT




Near Detector

» 282 planes, 980 tons total
Same 1” steel,1 cm plastic scintillator planar construction, B-field
3.8x4.5 m, some planes partially instrumented, some fully, some steel only
16.6 m long total

* Light extracted from scint. strips by wavelength shifting optical fiber
One strip ended read out with Hamamatsu M64 PMTs, fast QIE electronics
No multiplexing upstream, 4x multiplexed in spectrometer region

6/6/2011

Most planes are Partial, with 1in 5 Full | Full planes only, 1 in 5 instrumented, bare steel between

Veto Target Hadron Shower Muon Spectrometer
planes 0:20 planes 21 :60 planes 61:120 planes 121 :281

VA




10 ﬂ: * data 0.6 GeV/ic —

Calibration Detector e data 1.6 GeVic

& data 3.0 GeVic
— MC

* 60-plane ‘micro-MINOS’

has taken data at T7 & T11 test beam lines at
CERN during 2001, 2002, 2003

* Instrumented with both Near and
Far Detector electronics
To provide cross-calibrations

Energy uncertainties: 3% relative, and 1.9%
(ND) & 3.5% (FD) absolute 5

(=)

% events / bin
o

=Y
o

= -\ j
A X 0
ol cgpies 0 100 200
; calorimeter signal (a.u.)
08l § oet
i +
L m :anr
¢ 06 EM: 21+4%/VE =~
£ | €
E L ..JT'
2 o04- %g
- Ny E
) "8 -
0.2 %0 o F g
: * s e @ e e
_I 1 1 1 1 I 1 1 1 1 I
0 5 10

Available E (GeV)



Neutrino events

v, charged current E . (Monte Carlo)
* Clear signature in MINOS: long frack E 05
tud SRT] B
* If u track is very short, event can be g 00 -
mistaken for NC or v_CC g -05- E_, =141GeV &
o 2 a4 e <
longitudinal pos. (m)
v charged current T
=~ 0.5
« v _is small component of initial flux &
€ @ 0.0- = F E S
- . - i
* Electron leaves characteristic deposition $ |
pattern: compact shower g 050 E.. =78 GeV
00 05 1.0
longitudinal pos. (m)
neutral current € s
* Esp. with % hard to distinguish E ; o S
from v CC goo Me—_me o
e @ I e
>
* Energy more transversely distributed E-H-E—  E_=800GeV
0.0 0.5 1.0

longitudinal pos. (m)




Muon neutrino disappearance

« Start by measuring v, charged current rate in near detector

* First stage of selection: kNN selector
» Fiducial volume (below) E Low Energy Beam ]

i Diata
» Beam timing, cosmic removal 10 B C expectaton ﬁ

B NC background

» How “track-like” is the event? —

—
—
(@]
o
~~
({o)
~~
(Vo)

* New for 2010 analysis:

» Hecover short-track events
(second KNN discriminant ;
and no muon charge cut) 1075

Far det.

Fvents/ 10" PaT

M N PR RN TR TR R NN S T L
0.2 0.4 0.6 0.8 1
CC/NC separation parameter

Fiducial regions
(in red)




* Convert the measured near detector energy spectrum into a
prediction for a far detector.

* MCincludes: beam geometry, solid angle of the detector,
difference between detectors, etc
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Improvements in the analysis

Improved shower energy estimator

* Double the data since 2008 = T

1ocE=1.5 1.5<E<2.0

= Calrmetic
o

* Improved shower energy

reconstruction

Events

* Updated beamline simulation
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Reconstructed/true shower enérgy
* Recovery of the antifiducial events
(neutrino interactions outside the detector)

Recovery of “anti-fiducial” events
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MINOS Far Detector Monte Carlo, selected partially reconstructed events
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Am?2, = (2.321003)x1073 eV?

atm

* The most precise measurement

of atmospheric parameters.

Other interpretations are
disfavored
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—4— Far detector data
=—— Besl oscillation fit
Stats. only decay fit
B | | Statﬁl. anly decuhlerem:e fit A
Y275 s 10
Reconstructed neutrino energy (GeV)

Ratio to no oscillations

4.0

- MINOS, PRL 106, 181801 (2011)
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®  MINOS bestfit
L —— MINOS 90%

IAm2| (107 eV?)
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2.5 | — — MINOS 668%
L MINDS 2008 90%
| —— MINOS 2006 90%
2 U ST T T N A T M T T O N M Ll
0.6 0.7 0.8 0.9 1.0
sin®(26)
Source of d(Am®) §(sinq20))
systematic uncertainty (1072 eV?)
(a) Hadronic energy 0.051 < 0.001
(b) g energy (range 2%, curv. 3%) 0.047 0.001
(c) Relative normalization (1.6%) 0.042 < 0.001
(d) NC contamination (20%) 0.005 0.009
(e) Relative hadronic energy (2.2%) 0.006 0.004
(f) o, (E, < 10 GeV) 0.020 0.007
(z) Beam flux 0.011 0.001
(h) Neutrino-antineutrino separation  0.002 0.002
(i) Partially reconstructed events 0.004 0.003
Total systematic uncertainty 0.085 0.013
Expected statistical uncertainty 0.124 0.060




_ _Forward-current mode (neutrinos) ~_ Reversed-current mode (antineutrinos)
g 455_ v, Spectrum _E g 45 v, Spectrum
5 405— v, Spectrum _E 5 40 v, Spectrum
g 355_ (Monte Garln]l_i g 35 (Monte Carlo)
E 30 E E 3o Much better: reverse the
s 25F = 2 o5 . .
< "3 Could use 7, component < current in the focusing horns... H
S 15 of standard NuMI beam... & S 15 / 3
X 10E = X 10 3
g 5 90 15 20 25 o % 5 10 15 20 25 30

Eye (GeV) Eye (GeV)
* |In the reverse horn current g oo o T T

20 MIMOS Near Detector —
: : : H — i Data (positive tracks) i
running antineutrino flux is ! .+ Data (negative tracks)
. = B B Simulation (positive tracks) _|
dominant. = 5 ~ Simulation {negative tracks)
®* [ |
* MINOS can select particle = 1of I R
S Ot ]
charge. 3 | " :
. . . ® 5[ I ]
* Neutrino/antineutrino g E ﬂf‘ﬂk R SR
separation well-modelled. e S SR
% 5 10 15 20

Reconstructed Eneray (GeV)




- MINOS, arXiv:1104.0344 (2011)

A 1tm o (3 364_?} jg)){ 10_3 eV2

sin®(20) = 0.861):13

* Neutrino/antineutrino compatibility
only at the 2%C.L.

* Antineutrino disappearance signal
at 6.3 o.
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Neutrino oscillation well
describes this result

measurement statistically
limited
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Antineutrino in FHC

* The antinuetrino contamination FD ¥ data (v -mode running)

A L !
In the forward horn current mode. 30/ —4— VINOS For Detector Data

vemvwnnmn Pradiction, Mo Oscillations

=== Besi-Fit Predicbon

P uncertsinty (oscillated)
[ Bsckarounds (oscillated)
Lew Energy Beam, v -mode

7.1x10% POT
MINOS PRELIMINARY |

* Higher energies of antineutrinos

* Results consistent with RHC.
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- e V,BestFitAntineutrino Beam =
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= {Wautrin 201|0] | | .
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sin’(26) or sin’(26)



Sterile neutrinos

* Select only event with no muon tracks
* Electron neutrino appearance is an

140
additional source of uncertainty

DATA CONSISTEN WITH
NO STERILE NEUTRINOS

R- (observed) — (expected CC bg)
- expected NC

0-120 GeV:

R=1.09+0.06, +0.05 —0.08,
0-3 GeV:

R=116%0.07 008 -0.08,

5

7.07e20POT

log[m?]

v, I
Arim
I

A%

1

Ay,

V:_J
vV, I

.Vc .Vl«t .\”1 .Vs
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Electron neutrino appearance

— travel 735 km -
near detector far detectﬂr

98.7% v
1.3% v
(and V)

<
=

suone||19so

millions of thousands of =
v events 91310? | v events %
* Selection of the non-track £, €,
& [ J—====— & u_u; ===
events (showers). L. i »
* ANN used to clasify the electron C e | e

neutrino interaction topology.

* 11 variables from longitudinal and transfer energy deposition.
Example EM shower profile

(e.g shower width metric)

)al
['(a)

Energy (MEL)

L ongitucdinal Energy Profile by PlE.I'E



Events

Results from 2010 (7e20 pot)

v, charged current candidate events:

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

(0.70 excess)
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|| " ANN

=& MINOS FD Data
+ 4 Best Fit Signal
—8— MINOS FD Data

5= NC
s v, CC
—— Background Prediction
T

=== Beamv, CC
ner] Best Fit Signal

=== v_CC

444444

€ e e
e
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e

Events/GeV/7x10° POT
8

05 0% 3 4 5 6 7 8
ANN Selection Variable Reconstructed Energy (GeV)




Limits for the missing parameters

Feldman CDUBII‘IB Contours for ANN

- 2 2.0 A A LN B R A B B R ]

sin (2913) allowed range : 7%10%° POT ]

depends on CP-phase § and 1 5;_ 0% CL.AMES0
mass hierarchy [sign(AnT)] “E —— 90% C.L.AMZ,<0 3 s
- - — Best Fit Am3,>0 ] g
~ =S O A Best Fit Am2,<0 E o

90% C.L. allowed ranges —» 3 1.0 ‘ ]

W : —— CHOOZ 90% limit -

- L (for sin*20_=1)

05 /% E

Ll A) "

0% 0.1 0.2 0.3 0.4

MINOS, PRD 82, 051102 (2010)

2sin’9  sin’20
Representative 90% C.L. limits:
= put 6,,=0, 923=?Tf4

normal hier. = Sin22{)13 <012

inverted hier. = sin?20 < 0.20 (other oscillation parameters’
e uncertainties taken into account)




Updates for 2011 analysis (8.2e20 pot)

* Higher statistics (not huge improvement)
* A new selector (“Library Event Matchig”)

Compares input to large library of simulate events.
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(o)
Input event
. ! - gy 100
160 Etar Detector Predlctlon (Preselectlon) ] £ s | g:
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s =~ Signal . € ;oo I 50 &
S120f 9 NG = g | -
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=100} e = v, CC =3 2 I 20
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5 e — E ~ Good match  Bad match
i 0 . = £l o £, _
o e - g imr 8 s I l !
90 01 02 03 04 05 06 07 08 09 1.0 E 3 I I g wl
LEM PID B, I B
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Updates for 2011 analysis (8.2e20 pot)

* 30% improvement in sin*(20 ,) sensitivity over 2010 result

* 24% improvement from the analysis upgrades alone
(roughly half from new selector, half from fitting)
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* Below: preliminary 90% C.L. sensitivity for 8.17x10%° p.o.t. analysis

20 Projected 90% C.L. for LEM (3 bins)

_ x |
N <
15| z
- s
= [ 817x107POT il Look for a new @
— 1.0 |- |AmZ,|=2.32x107%eV? W ) 13
o T @ result this summer.
0.5 Am3,>0 8 -
B Z
i =
0.0 b
0.00 0.05 0.10 0.15

2sin?(0,,)sin’(20,,)




Summary

— MINOST, 50% — MINDS v, 90%
-== MINOST GE% -== MINDS v, G8%
e BestT, I'f1 @ Besty, F.u
5 1.7 1077 POT 7.24 5 1077 POT

New muon neutrino disappearance results
Precise measurement of mass-splitting

High-purity antineutrino measurment

Only 2% C.L agreement with neutrinos

IAm?| and |AT| (107 eV?)
=

05 06 07 08 09 1

sin“(20) and sin®(28)

New results this summer

* No evidence for missing into sterile neutrinos

2.0 Feldman-Cousins Contours for ANN
S0 [ i i i e B B L B e e e B

f,<0.22 @90% C.L e
— 80% C.L. amd,>0
Many other results — ol
--------- Best Fit Amj,=0

g (1)

Atmospheric neutrnos, cosmic rays

= CHOOZ 90% limit

Cross sections

0.1 02 03
2sin’20,,sin%0,,

Beyond standard model physics searches
MINQOS future: MINOS+, running in NOVA era.



