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Introduction

e Quantum mechanics and neutrino oscillations
* MINOS physics goals
e NuMI beam

e MINOS detectors
 The Analyses

— muon neutrino disappearance
— muon anti-neutrino disappearance
— electron neutrino appearance
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Neutrino Oscillations

(from the very top)

Starting somewhere completely
different...
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Young’s Double Slits

“all of quantum mechanics can be gleaned from
carefully thinking through the implications of
this single experiment” (R. Feynman)

Single-slit pattern

B

Double-slit pattern

Both patterns valid...
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Neutrino Flavours and Interactions
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A charged pion decay at rest...

... could be used to determine the neutrino mass (experimentally
impossible currently!)

If an extremely precise experiment was done we would actually
observe 3 distinct neutrino masses for the v
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The Analogy

+ The neutrino behaves as a well defined
n H “classical” state: no interference
W Single-slit pattern
V3
+ The neutrino behaves as a superposition
4 U thus we can get an interference pattern
W
_______ Double-slit pattern
V
u

Interference pattern = Neutrino oscillations
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Neutrino Oscillations

* Unitary matrix relates the neutrino mass eigenstates
Vi, V5, V5 to the weak interaction eigenstates v, Vi Vs

(v,\ (cosO sinB)\/v,

V) —sinf cosf |\v,

* Neutrinos produced as v, v, (a superposition), but
propagate as v, v, (diff. masses get out of phase)

v,(1)=v,(0)-
* Leads to oscillation probability:
P(v,—v,)=1-sin"20sin’(1.267Am"°L/ E)
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Simple
Oscillation
Probability

Two neutri pp mationoscillation probabilities
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Two Examples of Oscillation Probability
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120 scientists
30 institutions
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Argonne ¢ Athens * Benedictine * Brookhaven « Caltech - Cambridge « Campinas * Fermilab
Goias ¢ Harvard * Holy Cross ¢ IIT * Indiana * lowa State « Minnesota-Twin Cities
Minnesota-Duluth * Otterbein « Oxford ¢ Pittsburgh * Rutherford * Sao Paulo * South Carolina
Stanford * Sussex * Texas A&M ¢ Texas-Austin ¢ Tufts « UCL « Warsaw * William & Mary
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MINQOS Overview

* Main Injector Neutrino
Oscillation Search Soudan q

Duluth o3

* Neutrinos at the Main Injector
(NuMI) beam at Fermilab

Madison

e Two detectors:

* Near detector at Fermilab
— measure beam composition
— energy spectrum

* Far detector in Minnesota Fermilab — SondaEi
— search for and study }/;D‘K
oscillations
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MINQOS Physics Goals

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

Search for sterile v, CPT/Lorentz violation
Atmospheric neutrino and cosmic ray physics

Study v interactions and cross sections in Near
Detector

Measurements of |Am?
v, disappearance

| and sin%(20,,) via

atm

Measurements of |AE2 | and sinz(Zgzg)

via v disappearance

atm

Jeff Hartnell, Queen's Seminar
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Why study v, and v ?

e Antineutrino parameters
are less precisely known.

— No direct precision
measurements

— MINOS is the only oscillation
experiment that can do event-
by-event separation
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e Differences may imply new physics in the neutrino sector
manifested as a difference in the effective mass-splitting.
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Why study v, and v ?

u u v, [,
e Antineutrino parameters S
. 1%
are less precisely known. ’ A ~
—2
— No direct precision 5 " Am,,
Am
measurements atm
— MINOS is the only oscillation

v _

' - Vs .
experiment that Fan do event ﬁl Amsz()l B ﬁf Amszol
by-event separation Vi Vi

e Differences may imply new physics in the neutrino sector

manifested as a difference in the effective mass-splitting.
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NuMI Neutrino Beam

Absorber Muon Monitors
Decay Pi \_ |FEEI

Target Hall ceay HIpe . Y e %

N ' F ) » HHE YR

T —— ) W i SRR
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e 120 GeV protons strike target A eam MG
i Low
0.12

e 10 ps long pulse of ~3x1013 protons
every 2.2 seconds (275 kW)

e Two magnetic horns focus

secondary /K

e Variable neutrino beam energy

US

e decay of /K produce neutrinos 5 002
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Neutrino Beam Composition

e |Low energy

neutrino mode

e Near detector CC
interactions:

US

— 91.7% v,
— 7.0% VM

- 13%v, +v,
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Neutrino Mode
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Anti-neutrino Mode
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Beam Performance
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Beam Performance
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MINQS Detectors

o Tracking sampling calorimeters

¢ steel absorber 2.54 cm thick
(1.4 X,)

o scintillator strips 4.1 cm wide
(1.1 Moliere radii)

¢ 1 GeV muons penetrate 28 layers

¢ Magnetized
& muon energy from range/curvature

y [m]

¢ distinguish p* from
o Functionally equivalent
¢ same segmentation

¢ same materials

¢ same mean B field (1.3 T)

P. Vahle, Neutrino 2010
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MINQOS Detector Technology

254 cm Fe ' R

PS scint.
41x1cm

5.§'cm

WLS fiber

U V planes 4 Far Det
+/_p 450 / X Ng ar Det |
Clear
Fiber cables
|
. " M64 -~ 1 fiber/pixel
Multi-anode PMT M16 £= 8 fibers/pixel berpo

K. Lang, University of Texas at Austin, "Terra Cognita: technological aspects of MINOS & NOvA”", ANT'09, Aug 15, 2009
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Video

(plane_build_100_seconds.avi)
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MINQOS Event Topologies

vV, CC Event VM CC Event NC Event
u— vy u + V . .- V
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Experimental Approach

e Two detector experiment to reduce systematic errors:
— Flux, cross-section and detector uncertainties minimised
— Measure unoscillated v, spectrum at Near detector
e extrapolate using MC
— Compare to measured spectrum at Far detector

__MINOS Preliminary

MINOS Preliminary

- w15
MINOS Far Detector 8 i
300 —4— Far detector data | — * ¥
> . © 2
[4b) i No oscillations = ( + I
Q) i Best oscillation fit | 8 T A ~ _Lﬁ
?)200_— |:| NC background B @) L 1 1 i
+5 i i o - -
C i
S ool | gos -
71100} f_%q;i*i P —}— Far detector data
E E E i Best oscillation fit ]
2 4 6 8 10 2 4 6 8 10

Reconstructed neutrino energy (GeV)  Reconstructed neutrino energy (GeV)

P(v, —v,)=1-sin’ 20)sin°(1.267Am’|L / E)
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The Analyses
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Since our previous 2008

measurement... The Neutrino
e Additional data Ana |ySiS

— 3.4x10%° to 7.2x10%° protons-
on-target

. . 58 MINOS Preliminary
e |mprovements in the analysis : T T MINOS 720107 POT senaitiviy ]

90% confidence level -

— Updated simulation and 2.7
reconstruction >

— New selection improves low- o

Monte Carlo
energy efficiency ,C_D 25

Sensitivity

e
. N

(o))
I|IIII|IIII|IIII|IIII

_LIII|IIII|'II|IIIIIIII

— New shower energy estimator - 54 ®  Inpuiparameters
. 0 _ E - 2008-like analysis
with 30% better low-energy 5 -
rESOIUﬁon _— 23:_ + New shower energy estimator
— Split the data set into bins of > 23 e
resolution 0.85 0.9 ) 0.95
— No charge sign cut — reclaim sin“20

mis-identified neutrino events
at low energy
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The Anti-neutrino Analysis

e Essentially the neutrino analysis ¢ What’s different with

of 2008 antineutrinos?
— No resolution binning, shower — Lower statistics ~1/12t events
estimator, new selector — Larger wrong-sigh component
— Only stopped taking antineutrino — Interactions are less hadronic
data on March 22"
F LR R A T T
_ 40': MINOS Preliminary E
8 T E - Data .
® L = MC Expectation :
N Il Total Background .
x 30[° -
AR Near Detector -
S F 8.65x 10" PoT ]
> 201 Antineutrino Running .
= i ]
@ = -
@ 101 -
0' N IR R | i
0 0.2 0.4 0.6 0.8 1

Reconstructed Inelasticity

w University Jeff Hartnell, Queen's Seminar
of Sussex
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Common Selection

e Basic selection

— At least 1 reconstructed track

In-time with the spill
In the fiducial volume

e CC/NC separation using a
KNN algorithm

— Compare to monte carlo events

e 4-parameter comparison

US

Track length

Mean energy of track hits

Energy fluctuations along the
track

Transverse track profile

University
of Sussex

MINOS Ilz’rlelilmilnelary |

—e— data

10

Events / 10" PoTs

| IIIIIII|

10"

| IIIIII]I

107 =

Low Energy Beam

MC expectation
—— NC background

L1111l

Main Selector Jff

o
p_
N
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Antineutrino Efficiency & Purity

33100

8 802— MINOS Preliminary a

% i Simulated Far Detector i _
& 1 NC Contamination .
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S ool ome Aro 1 >20GvV 8 30
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& M

O ! I
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Reconstructed Energy (GeV)

High energy v, contamination does not
affect the oscillation result
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Near to Far Extrapolation

e Near detector spectrum # Far detector

— Project different solid angles

— Non-point source for Near detector

— /K decay kinematics

e average neutrino energy varies with angle

P

-

Target ———
)

Decay Pipe

E,~ 0.43E_/ (147,20 2)

Near
Detector

= |
Far
Detector

US
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Beam Matrix Extrapolation

* A beam matrix transports measured Near spectrum to Far
— v, and Vu are extrapolated independently
* Matrix encapsulates knowledge of meson decay kinematics and

beamline geometry
— 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
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Far Detector MC MINOS PRELIMINARY

Neutrino Systematics

n

Fiducial events

90%
7.2 x 10%° POT

| | |- — | L1 | | |

~
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R4 . ~\

0.85

.,/ Far Detector MC

O 095 1 105 1.1 N
/7 Sin2(26)

N
MINOS PRELIMINARY®»

o Effect of uncertainties estimated

by fitting systematically shifted MC

e Analysis is still statistically limited

e The 4 largest systematics are

Fiducial events
7.2 x 10?° POT

e
/

Monte Carlo

IlIIlIIIllIIllIlIl

OIIII|IIII|IIII|IIII

0,01 0 001
8(sin®(20))

o
ot

—0.02

included as penalty terms in the
fit.

Overall hadronic energy
Track energy
NC background

Relative normalisation
Relative hadronic energy

Cross sections
Charge mis-ID

Beam
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IATA(107eV?)

IATI(107%eV?)

Anti-neutrino Systematics

5.0r
a5 e The antineutrino analysis is
B 68% statistical sensitivity . . . .
sol even more statistically limited.
35 Joo e The two analyses have very
- xst%nz_a_tltql \\
20F ; 1. similar systematics
i / N
2’8.‘6'0.'65"9'.7"0'.'75['02'.(82'63'.8'5'6.9'0'.9'5"1 \\ — Though sizes of the effects are not
Sin

N “~. thesame.

342
42; - NC Background

3.401— e WS CC Background
3_38; m——Track energy

- m—— Relative normalisation
3.36 - ===== Relative hadronic energy FD
334 = Relative hadronic energy ND
; 322_ s (Qverall hadronic energy

- Monte Carlo Beam
330~ ===== (Cross sections

0845 085 0855 086_ 0865 087 0875

sin*(20) 39
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Neutrino Results
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__MINOS Preliminary
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Anti-neutrino Results
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Far Detector Data

1. 71 X 1020 POT MlNOSV running, Far Detector
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Far Detector Data

1. 71 X 1020 POT M|NOSV runnlng Far Detector

B | R B LAY AL LA LALL LAL L] L L 1 "
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Far Detector Data
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Comparisons to Neutrinos

1.71x 10° POT MINOS ¥, running, Far Detector 1.71x 10°° POT MINOS ¥, running, Far Detector
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Comparisons to Neutrinos

| | | ! ! | | | | | l ! | | | I | | | ! | | | | |

—— MINOS v, 90% — MINOS v, 90%
SO MINOSV, 68% ---- MINOS v, 68%
O e Bestv, Fit @ Bestv, Fit

I|IIII|IIII|

o8

~ MINOS Prellmlnary T
[ 1.71x 10° POT ¥ ,~-mode
21 7-24% 1020 POTv ~mode -~

05 06 07 08 09 1
sin°(20) and sin*(26)

IAm?| and |AT] (10 eV?)
N
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Electron Neutrino Appearance
Analysis

University Jeff Hartnell, Queen's Seminar
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v, V, Oscillation Search Overview

e Sub-dominant neutrino oscillations
— Look for v, appearance at Far detector
* P(v,>V,) =sin®0,; sin*20,3 sin*(1.27Am?;, L /E)
— also CPv and matter effects: not shown here but included in fit

— Electron neutrino events only 2% of total (at Chooz limit)

* Select events w/ compact shower, typical EM profile
— MINOS optimised for v,

— v, signal selection is harder
* Steel thickness 2.5cm = 1.4 X,
e Strip width 4.1cm ~ Moliéere radius (3.7cm)
* Use the Near detector to determine the background

lls University Jeff Hartnell, Queen's Seminar 49
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v, Appearance Results

0 Based on ND data, expect: 49.1+7.0(stat.)+2.7(syst.)
0 Observe: 54 events in the FD, a 0.70 excess
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v, Appearance
Results

Scp (M)

for 8., = 0,sin*(26,,) = 1,
Am3,|=243x107 eV’

sin’(26,,) < 0.12 normal hierarchy

sin’(26,,) < 0.20 inverted hierarchy
at 90% C.L.

Scp (M)

0.00

w University [Vahle, Nu201 O] Jeff Hartnell, Queen's Seminar

of Sussex

(arXiv:1006.0996v1 [hep-ex])

AM? >0

i —— MINOS Best Fit
i [Wes%cCL
: [l 90% CL
~~~ CHOOZ 90% CL

2sin’9,,=1 for CHOOZ

AM? <0

MINOS

7.0%10% POT ]

0.1 02 03
2sin’(20,,)sin’e,,

0.4
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Future Plans
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AT (107 eV?)

University
of Sussex

More anti-neutrinos...

__190% MC Sensitivity

sin®(28)

Jeff Hartnell, Queen's Seminar

B 1.7 x 10%° POT
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- — 5x 10°° POT
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Neutrino Physics Program

Latest Fermilab-PAC Report

Please comment on
1. Status and plans for the Fermilab neutrino program.

2. The significance of the recent antineutrino results from MiniBooNE and MINOS and
relevance for possible further antineutrino-mode running in the Booster Neutrino Beam and
NuMI beam.

Neutrino Beam Operations and Experiments

The PAC commends the Fermilab Accelerator Division for the superb operation of both the
NuMI and Booster Neutrino Beam programs. The Committee was pleased to see the exciting
new results from both the MINOS and MiniBooNE experiments on their antineutrino running
and first events from the completed MINERVA detector. The PAC looks forward to the up-
coming results from the SciBooNE and ArgoNeuT experiments. The Committee is also
impressed with the progress that has been made on the construction of the NOvA experiment.

NuMI Beamline Running

Given the two-sigma difference currently observed between neutrinos and antineutrinos in the

mass difference vs. mixing angle plane [Amys* and sin*(2 0,3)]. the Committee recommends
further antineutrino running for MINOS. For the NuMI beamline, there 15 a short-rall in the total

TIUMmDeT Of profons on target (POT) required to satisfy the requested additional 2.5x10*° POT by

MINOS with antineutrino running and the requested 4.9x10*° POT by MINERVA with neutrino
running before the NOvA shutdown in March 2012. The Committee recommends sharing the
short-fall of POT such that MINOS receives ~90% of the total requested POT for antineutrino
running and MINERVA réceives ~90% of the total requested POT IoI NEULNo runnimng -
assuming the current operation capabilities of the NuMI beamline.
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Conclusions

* MINOS has most precise measurement of |Am?

* First direct, precision measurement | Am?

Am, | =235 x107 eV’

sin’(26,,) > 0.91 (at 90%)

atm |

atm |

Am;

atm

=3.36% % x107 eV?

sin?(26,,) =0.86 +0.11

 World’s best limit on electron neutrino appearance

— improves Chooz bound in the normal hierarchy

 Will more than double the antineutrino data set

— watch this space!

University Jeff Hartnell, Queen's Seminar

of Sussex
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What about the Muon
Anti-Neutrinos...

@+ N - @+ hadrons

v, + N » p + hadrons

(NEW: Preliminary results released in May '09)

University Jeff Hartnell, Lomonosov Conf. '09
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All events with a posmve curvature track

Selecti ng vu 15 . S r——

Near Detector Low Energy Beam
* v, CCevents are 7% of beam

O
o

Total _
——— Mis-ID v, Charge Current ]

Neutral Current

O =
NI e))

* Searching for v, CC amongst a
large sample of other events:
— Mis-identified v, CC where L

Non-VM Fraction

charge sign is wrong ofMontaCero , ,  MINOS Preiminary ]
— Neutral Current (NC) events 0 5 10 15 20 30 40 50
where another particle fakes a Reconstructed Energy (GeV)

+ o | S L B B A LA LA AAR) LR AR

ut track - -

c i ]

. o - 2

* NC events with a track are % 0.8 M
~ . : k= i After selection )
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_ £ 0.6 Monte Carlo -

charge sign S Near Detector ]

e Cut on additional variables to 9 0.411, —— V, Efficiency 7]
achieve: g i —— Contamination B

g 0.2[ MINOS Preliminary ]

* Efficiency of 87% W e
e Contamination of 5% % 5 10 15 20 30 40 50

. v, Energy (GeV)
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Predicted Far Detector Spectrum

(follow an analogous procedure as for the muon neutrinos)

I\/IINOIS Prelirlninary | L

— No Oscillations i

——= CPT Conserving
Systematic Error

—— Background (CPT) |

-
@)

L]

Low Energy Beam |
Far Detector
3.2x10%° POT A

* Predicted events with CPT
conserving oscillations:

— 58.3+7.6 (stat.) £ 3.6 (syst.) ]
| | S WA TR A oy ey v e
e Predicted events with null 00 5 10 15 20 30 40 50

oscillations:
— 64.6 + 8.0 (stat.) + 3.9 (syst.)

Events / 4 GeV
o

T
I

Reconstructed v, Energy (GeV)
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Far Detector Spectrum

LI l LI l L | LI |IIIIIIIIIIIIlllllllllllllllll

e QObserve 42 events in the
Far detector
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Allowed Region

Null oscillation hypothesis
excluded at 99%

CPT conserving point from the
MINQOS neutrino analysis is
within 90% contour

v, best fit is at high value, due
to deficit at high energy

At maximal mixing exclude:
(5.0 <Am?2 < 81)x10-3 eV2 (90% C.L.)

University
of Sussex

IAm7| (107 eV?)

400 T
200f
100F
40¢
201
10F
4:
| == 68%
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Search for CPT violation in atm. v S"PER

= Under the CPT theorem, P(v=> v) and P(v=>¥) should be same., Jun2009

m Testv oscﬂlatlon orv oscﬂlatlon separately SK-l+l1+]l]
10l ~~ | | Neutrino:
; /8 Am,,?=2.2x10-3eV?

— | sin?20,,=1.0

> I : :

Q Anti-neutrino:
E sin220,,=1.0

<] N

No evidence for CPT
violating oscillations
Is found
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