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The MINOS Experiment

MINOS (Main Injector Neutrino
Soraden o e A Oscillation Search)

Dululhl:| &4’

Madison

Long-baseline neutrino
oscillation experiment

Basic concept

Create a neutrino beam
provided by 120 GeV protons
: e from the Fermilab Main Injector
£ Measure energy spectrum at

b the Near Detector, at Fermilab
Measure energy spectrum at
the Far Detector, 735 km away,
deep underground in the
Soudan Mine.

Compare Near and Far
measurements to study
neutrino oscillations

1 kton — 100 m deep 5. 4kton —714 m deep
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MINOS Physics Goals

Precise measurements of | Am?;,| and sin?26,, via
v, disappearance

Search for or constrain exotic physics such as sterile v

Search for sub-dominant v, —v, oscillafions via v, appearance

Compare v, v oscillations
Atmospheric neutrino and cosmic ray physics

Study v interactions and cross sections using the high stafistics
Near Detector data set
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Event Topologies

Monte Carlo
NC Event v, CC Event

v, CC Event

long p track & hadronic short event, often shor’r, with ’ryplcal EM
activity at vertex diffuse shower profile

Energy resolution
11: 55%/E(GeV)

*u*: 6% range, 10% curvature
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Charged Current Analysis of 3.36x<104°
POT of MINOS Data

- Precision measurement
of |Am?] and sin?20 -
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CC Event Selection

MINOS Preliminary

CC / NC Event classification is 5 o Eneray Bearn ]
performed with a k-nearest & o0 . data S
neighbor (kNN) based algorithm o —— MC expectation S
with fOUI’ inpUTSI :g:) 102 == NC background ]
Track length (planes) % I *""'f

For hits belonging to the track: 10
Mean pulse height/plane
Fluctuation in pulse height
Transverse track profile

1

L ] L Il I Il L | I | L
0.2 0.4 0.6 0.8 1

cc/nc separation parameter
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0 .—!_|—4_ o ! — }’ (}_ T T -h-!r_.:
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Reconstructed neutrino energy [GeV] Reconstructed y
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Systematic Uncertainties

The impact of different sources of systematic uncertainty is
evaluated by fitting modified MC in place of the data:

c—~ 0.10r T . =
0.05 :_ —: - Relative normalisation
n | = NC background
- B ] Overall hadronic energy
~~ 000 — Relative hadronic energy
B i Track energy
B | — Beam
o -0.05— — = Cross sections
N | i
0-10 502 001 0 o001 o002
. 2
d(sin“(20))

The three largest shifts are included as nuisance parameters in the oscillation fit.
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CC Energy Spectrum Fit

Zz = Z(Z(Ei —0;)+2 0;In(0;/g;)) + ZA—Sj
o

Fit the energy distribution e —C
fo the oscillation 150__ MINOS Far Detector i
hypothesis: ! |
. G2 (20)sin? 1.27Am’L | —~ - * Far detector data
(V” = v.)=sin"(26)sin E o 100__ L— — No oscillations |
: ©) —— Best oscillation fit
Including the three largest ~— ososeron

i
sources of systematic | T~ E5 NCbackground

7))

i
. 3 C -
uncertainty as nuisance o i
parameters o

Absolute hadronic
energy scale: 10.3%

Normalization: 4% O &'I> ~ '1|0' ~ '1|5' ~ '2|0'3050L
NC contamination: 50%  Reconstructed neutrino energy (GeV)

Best Fit:
|Am2| = 2.43x10-3 eV?2
sin2(20) =1.00

._*.l.
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Allowed Regions

Am?| = (2.43£0.13) x 10%eV2 , ,
(68% C.L.) e | |

sin2(20) > 0.90 (90% C.L.) 3.5

y2/ndof = 90/97 ;
3.0}

Fit is constrained to the
physical region.

Unconstrained:

IAMAl (x10°eV?)
N
0]

|Am|2=2.33 x 103 eV-
sin2(20)=1.07 - ® MINOS Best Fit —— Super-K 90%
Ay2=-0.6 ' 1.5 — MINOS90% ~ —— Super-K LIE90% ]
X ' . — - MINOS68%  —— K2K 90%
1 0_ | l 1 l l | | 1 1 l | 1 l l | | 1 l l 1 |
Accepted by PRL: 0.6 0.7 0.8 0.9 1
arXiv:hep-ex/0806.2237 sin®(20)

Most precise measurement of | Am |2 performed to date!
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Alternative Hypotheses

Decay:

2 2 2
» :[sm d +cos® 6 exp(—aL/E)W
V. Barger et al., PRL82:2640(1999) R N B IR BN B

1.5/ .
v2/ndof = 104/97 ‘ ‘

Ay2=14
disfavored at 3.7c

Decoherence:

to no oscillations

b 1 sin®20 —u’L 05 MINOS data ]
m Ty —eXp 2E O Best oscillation fit
G.L. Fogli et al., PRD47:093006(2003) Best decay fit

Best decoherence fit |

e e e e b
%5 10 15 203050
Reconstructed neutrino energy (GeV)

v2/ndof = 123/97
Ay?= 33
disfavored at 5.7c
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Neutral Current Analysis of 2.46x10%° POT
of MINOS Data

- Looking for sterile neutrino mixing -
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NC/CC Event Separation

NC events are typically shorter than CC events
Expect showers and no tracks or very short tracks reconstructed for NC events
Main background from inelastic (high-y) v,, CC events

R — - ' R Event classified as
_ gzmoo— ; NC-like if:
1 x3000F Excluded |
Excluded o f ERGIVOCH event length < 60
; §20°O;_ 1 planes
Nk 0 ;
R a— e ] has no
60 80 100 0 1 2 3 4
reconstructed
Event Length (planes) Number of Tracks
D frack or
1501
v‘g i ——— Near Detector Data has one
< i reconstructed
<100 frack that does
I — Monte Carlo not profrude
o F more than 5
: \ DR Monte Carlo CC Background planes beyond
-20 -10 0 10 20 the shower

Track Extension (planes)
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NC Analysis Results - Rate

Compare the NC energy spectrum with the expectation of
standard 3-flavor oscillation physics

Depletion of Far Detector NC spectrum may indicate sterile
neutrino mixing

Fix the oscillation parameter values
SiN20,, = 1
Am2,, =2.43x103 V2
Am2,,  =7.59x10°eV?, 0,,=0.61 from KomLAND+SNO

Q5 =0 or0.21 (normal MH, 6=311/2) from CHOOZ Limit
N.B. CC v, are classified as NC by the analysis

From MINOS 2008 CC measurement

Predicted CC

Make comparisons in terms of the R statistic: from o flavors
: N. —B
For different energy ranges R =_Daa —CC
0-3 GeV SNC\
3-120 GeV '
All events (0-120 GeV) interaciion stgna
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NC Analysis Results - Rate

Plot shows the selected FD MINOS Far Detector NC Spectrum
NC energy spectrum for soF T T T T
Data and oscilloted MC - —— Far Detector Data -
predictions > 40:' ——0,,=0 E
Ol | 0,,=021,8=23w2 :
Expect largest NC o v,-CC Background
disappearance for E< 3 S ook , am oy
GeV if sterile mixing is driven > " | Amge = 243X 107eVHe™ -
by Am?Z,, L ok Sin°(20,,) = 1 E
Depletion of total NC event %5 10 15 20 25 30
rate (1-R) < 17% at 90% C.L. E..eo (GEV)
for the 0-120 GeV range
Freco (GeV) Npata Snc Ba‘: BT Bl
Data is consistent with) 0 — 3 100 101.1 112 1.0 1.8 (9.3)
no NC deficit at FD 3— 120 191 98.0 642 3.5  11.8 (24.6)
and thus with no 0—3 R=0.85=+0.10 £0.07 (0.78 £ 0.10 £ 0.07)
sterile neutrino mixing ) 3 = 120 R=114+0.14+0.10 (1.02=+0.14 £ 0.10)

0— 120 R =10.99 £ 0.09 £0.07 (0.90 & 0.09 £ 0.08)
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NC Analysis Results — f_ Fit

Assume one sterile neutrino and that
mixing between v, v;and v, occurs
at a single Am? 0\

Survival and sterile oscillation
probabilities become:

P(v, —v,)=1-0,sin*(1.27Am*L/E) £
a0 V; I
P(v, —v,) =a,sin*(L.27Am°L/ E) =
Amz,
Simultaneous fit to CC and NC v, I
energy spectra yields the fraction of v, I
v, that oscillate to v;: V. I

P(V NSV ) .Ve .VM .VT .Vs
£ ST =0.2872(stat.+syst.)

> :1—P(vﬂ —>v,)

f <0.68 (90%C.L.)
Submitted to PRL (arXiv:hep-ex/0807.2424)
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V. Appearance Analysis

- Constraining 65 -
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ve Selection

Near Detector

MINOS PRELIMINARY
: — —

NC and short v, CC events are the = I | - v, Selected
dominant backgrounds © 30001~ MC "
E —e —o— Data
0. 2000 S
Neural Network v, selection algorithm @ —e—
based on characteristics of - =
electromagnetic showers &8 10000 ¥
g I
" i | i
MC tuned to bubble chamber 0 =
experiments for hadronization models ReTaECiee SN (Eel)

Near Detector

e MINOS PRELIMINARY
Data/MC comparisons show | '

disagreements due to hadronic model

—=— Horn On/Off NC
- —e— Horn On/Off v, CC

=== MRCC NC =

—e— MRCC v, CC
+ i L= peam v, CC

—r

tn

=

=]
I

Correct the model to match the data
using data-driven methods in ND

Events/1e19 POT /1 GeV
g
=

5002— “l’_:%:=1?= —
Background predictions from two ; == |_4. ' ’ '
methods agree within stafistical 0 2 4 6 8
uncertainty Reconstructed Energy (GeV)
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Future 0,5 Limits

Expect 12 signal and
42 bg events at the

CHOOZ limit for the MINOS Projected 90% Exclusion
current exposure 2r Y Ay L B
[ 1A m%,l = 2.4x10° eV?
Data-driven 150 sin’(20,;) = 1.0
systematics are VL
hoped to drop to 5% i
in future years E -
o 1. chooz 0% cL

—3.25x10% POT Am2, > 0 (2008, 10%)
| =—3.25x10%° POT Am2, < 0 (2008, 10%)
0.5 =6.5x10%° POT (+ ~1 year, 5%)

= 9.5x10%° POT (+ ~2 years, 5%)

Inverted hierarchy
shown only for
lowest exposure for I
simplicity i

| 1 | l I | | | | | | | 1 1 l [ — L 1

! ! R |
MINOS can improve 20-2 10"
the CHOOZ limit on . 9 PRELIMINARY
8., by a factor of 2! sin“(20,,)
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Summary and Conclusions

The MINOS Experiment is making several conftributions to our
understanding of Neutrino Physics

New measurement of atmospheric oscillation parameters
from v, disappearance:

[ | Am | 2=(2.43+0.13)x103 eV2 (68% C.L.)J

sin2(20) > 0.90 (90% C.L.)

Decay and decoherence models are disfavored at 3.70 and
5.70, respectively

New results from search for oscillations into sterile neutrinos:
[]—R <17% a1t 90% C.L., 0<E< 120 GeV }

f <0.68 (90%C.L.)
Consistent with no sterile neutrino mixing

First results on v, appearance expected later this year and
have sensitivity below the CHOOZ limit.

NNN 08, Paris, 11/09/08 Alex Sousa, University of Oxford



Backup Slides

NNN 08, Paris, 11/09/08 Alex Sousa, University of Oxford



The NuMI Neutrino Beam

. Muon Monitors
TargeiHall DeciLPIpe Absorber J l l

™ -
Target ; \
————————— -»
™ S o U SR [EE | ol ;
Protons from \ Do N | 5 —>
i J 1 . "= N -4}~ : j
Main Injector ii 3 s -

Horn 1 Hom 2 Fred e e — e —— R - t.—- L—{
C il == -——-= >
om T 675 m / " s
5m
Beam energy spectrum can be Hadron Monitor N
modified by varying the relative Rock

positions of target and horns.

—— —
i MI:DS DPrEtillrrt'anary Low energy beam |

ear Detector
2500 |- e o High energy beam 5000

—— Tuned MC

Beam composition in the LE
configuration:

1 — Untuned MC _: 1000

92.9% v,, 5.8% v, 1.3% v, +7, - S

Beam performance: G —
10us spill of 120 GeV protons every 2.2s :

Intensity: 3.0x10'3 POT/spill —|1000

10d,,01/pe0/weeq ABisue ybiy ul sjuend

0.275 MW beam power
108 POT/day

" L | | L "
10 15
Reconstructed neutrino energy [GeV]

20
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Accumulated Beam Data

Many thanks to Fermilab’s Accelerator Division

Total NuMI protons to 00:00 Monday 25 August 2008

2006 CC Publication | | |
2008 NC (LE only)-

) 2008 CC

Total Protons (E20)

Protons per week (E18)
h
| 1

i
2003/05/02 200500930 20602/28 2730 20061228 2007/005/28 2007/ 02T 200870326 2!.‘.1[1‘&/'[?8;’25
Date

~ — N\ I V) }

e

RUNI-1.27x102poT  HI9N€T  RUNIa  RUN 1B RUN I

et?eea{?ny 1.23x1020 POT 0.71x10%0 pOoT  1.2x10%° POT

0.15x10%° POT
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Near Detector

The MINOS Detectors

Far Detector

~1kt (980t) total mass

Shaped as squashed octagon
(4.8x3.8x15m3)

Partially instrumented (282 steel, 153

scintillator planes)

Fast QIE readout electronics, continuous

sampling during beam spill

= - e ] : 'I:_i'. -
W Beam spot~ e

sl - Aa

I
........
......
.....

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

Located Tkm downstream of the target

Located 735km away in Soudan mine,
MN

5.4kt, 2 supermodules

Shaped as octagonal prism (8x8x30m3)
486 steel planes, 484 scintillator planes
Veto shield (scinfillator modules)

Spill times from Fermilab for beam trigger

v

......

Veto shieldp - ==~ e e

........................................

NNN 08, Paris, 11/09/08

Alex Sousa, University of Oxford




Near to Far Extrapolation

Far detector energy spectrum without oscillations is not the same as
the Near detector spectrum

+
P Target m N )
Decay Pipe ~ FD
] 1
E,~ 0.43E_/ (1+y,20 2) ND HUXOCF(HVZQQJ

Start with near detector data and extrapolate to the far detector

Use Monte Carlo to provide corrections due to energy smearing
and acceptance

Encode pion decay kinematics and the geometry of the beamline
into a beam transport matrix used to tfransform the ND spectrum
into the FD energy spectrum

«107

(7]

=]
T

1

Far True E, (GeV)
o
2
Events/Kton/1x10'® POT

" poT
=]
W
[

]
2
h
@
b
|

=]
-
I

1
Events/Kton/1x10

5 10 5 10

Near True E_(GeV) True E, (GeV) True E, (GeV)
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Data Sensitivity

For a true value at the 3l o il
best fit point of: Sensitivity

| Am?2| = 2.43x103 eV?
sin%(20) =1.00,

MINQOS data

26.5% of unconstrained
fits have a fit value of

sin2(2q)=1.07. o -
- 90% c.l. contours i}

1AMl (x10eV?)
N
(@)

0.8 0.85 0.9 0.95 1
sin“(26)
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Neutral Current NC Energy Spectrum

NC selected Data and MC energy spectra for Near Detector

W
o
o

Near Detector Data

Monte Carlo

Charged Current Background

10° Events/GeV
S &
o o

Y R

0 10 — 20 30
E, (GeV)

Good agreement between Data and Monte Carlo
Discrepancies much smaller than systematic uncertainties
NC events are selected with 90% efficiency and 60% purity
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Systematic Errors

Relative Normalization: +4%

POT counting, Near/Far reconstruction
efficiency, fiducial mass

Relative Hadronic Calibration: +3% 0 3GeV 3 120 GeV
. . . Absolute Eyaq + < 0.01 +0.05
Infer-Detector calibration uncertainty  pojative Fu 40.03 10.04
Absolute Hadronic Calibration: +11% Eorlmilimtion | +0.04 +0.08
. ear detector selection +£0.02
Hadronic Shower Energy Scale(+6%), ,-CC bzmkgrc;md +0.03 +0.01
Intranuclear rescattering(£10%) Total: +0.07 +0.10
Mvuon energy scale: £2% Effect of the most relevant
Uncertainty in dE/dX in MC systematic uncertainties on R

CC Contamination of NC-like sample: +15%
NC contamination of CC-like sample: +25%
Cross-section uncertainties:

M, (ge) and m, (res): +15%

KNO scaling: £33%
Poorly reconstructed events: +10%
ggqr Detector NC Selection: +8% in 0-1 GeV

in

Far Detector NC Selection: +4% if E< 1 GeV,
<1.6%IfE>1GeV

Beam uncertainty: 16 error band around
beam fit results
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0.010

0.009 -
0.008 -
0.007 -
0.006 -

Vu to Vsterile

Limit On V-V, Add Mixture

Best Fit le?z.ﬁf 190 (P=81%)
sin"E=0.0
sin"26=1 )
AM=2.1x107 &V*

0005 -

0.004

Am” eV

0.002 -

0.003

0.2 0.4 0.6 0.8
Vy—)(cosﬁvt +sinlv)

siné

IN SuperkK

High energy v experience
martter effects which suppress
oscillations to sterile v

Matter effects not seen in up-
u or high-energy PC data

Reduction in neutral current
inferactions also not seen

constrains v, component of
v, disappearance oscillations

Pure v ->v, disfavored
v, fraction <20% at 90% c.I.

Result published only in
conference proceedings
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ve Selection

Near Detector

MINOS PRELIMINARY
: — —

Neural Network v, selection algorithm > i ' il Y e
based on characteristics of © 3000- e -
electromagnetic showers E - i
MC tuned to bubble chamber o 2000} .
experiments for hadronization models % L =
Data/MC comparisons show % el |
disagreements due to hadronic model g i

I'ﬁ |
Developed two data-driven methods to 0 <
correct the model to match the data Reconstructed Energy (GeV)
Muon Removed CC Events (MRCC)

Near Detector

Use well understood v, CC data sample with VENOS FRELININATIY
removed track hifs to correct NC event

number

Beam v_known from MC, subtract from NC
component to obtain v, CC

Horns on/off

pions are not focused with horns off and
energy spectrum peak disappears

2000
—=— Horn On/Off NC
- —— Horn OWOff v, CC |

=== MRCC NC 7]

—e— MRCC v, CC
+ i L= peam v, CC

—r

tn

=

=]
I

500 _I’_:%:=1?= .

Events/ 1e19 POT /1 GeV
Z
<

Estimate NC and v, CC from differences b =‘|‘:‘:I‘_
between horns on/off data samples and MC i '_—42 R — L

Extrapolate each background to FD to

: : A Reconstructed Energy (GeV)
obtain data-driven sensifivifies
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Muon Removal

Near Detector

>20% Data/MC discrepancy in both & .
the standard v, and the muon S —st.MC
removed CC samples 2 Stat. Errors

51 000 v, selected

10

2 4 6 8
Reconstructed Energy (GeV)

e

Comparisons of standard Data and
MC shower topological distributions
disagree in the same way as does

MRCC data with MRCC MC £ 15[ Standard Events
So MC hadronic shower . e +
production/modeling is a major 5 et
contribution to the disagreement. S osf ]
Kinematic phase space of MRCC O R S

Reconstructed Energy (GeV)

and selected NC events matches
well, but MRCC and selected CC

Near Detector

MINOS PRELIMINARY

>
3
3000 ]
- -~ MR DATA
[o]
—MR MC
a-2000{-
E Stat. Errors
©1000F v, Selected -
c
[T}
ﬁ 1 1 1
" 2 4 & 8 10
Reconstructed Energy (GeV)
2 1.5 Muon Removed Events
&
Q
= 1 —
~
42 'i"_.-.-...-'-—.-l_._._'_ + 1
8 o5

0

MINOS PRELIMINARY
—_—_—

2 4 6 10
Reconstructed Energy (GeV)

events do not. > -
o Y Total Data
. : 2000 : ::zz :I,,ccc m
The MRCC sample is thus used fo 5 L EEmevcc ]
make ad-hoc correction to the > —
model fo NC events per bin ® 00 [ - 1
Beam v, from MC, CC events are 2 | Co L
fne remaindier g S nabuoS gy
1] 2 4 6 8

Reconstructed Energy (GeV)

Alex Sousa, University of Oxford
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Horn on/off Method

After applying v, selection cuts to Near Defector data, the
composition of the selected events is quite different with the
NuUMI focusing horns on or off.

Non = Nye + Nee + N (1)
Nots = Fne™Nie + Frec™Nee + Fe*Ne (2)
from MC:

Near Detector MINOS PRELIMINARY
T T T T T T T T T T I T

— off on =>1 —
neieee = Mnceeo™ /Nicee) 3" ' " Seledted
g Horn On NC
Get horn on/off rafios from MC, 1000~ | L Horn OffNC
then solve for NC and CC 4 Horn On v, CC
backgrounds in bins of energy, A Hom Off v, CC
get beam v, from the beam = 500 [~ [ .
MC (a well understood number) g |
Independent of hadronic modeling §
w e
0 2 4 6 8

Reconstructed Energy (GeV)
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