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%4 The MINOS Experiment

* A long-baseline accelerator
neutrino oscillation experiment
v, produced at Fermilab

* 1kt near detector at Fermilab

5.4kt far detector in
northern MN, 735 km away

* Functionally identical
magnetized detectors:

— Alternating planes of steel &
solid scintillator

— 3D reconstruction via alternating
scintillator orientation
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‘é‘ NuMI| Beam

* 120 GeV protons incident on 301 MINOS Preliminary: 110% POT
a graphite target Near Detector
* In our normal mode: Low Energy Beam ]
Simulated

92% \)H 7% \_)H 1% \)e+\_)e
* Can alsorunin
antineutrino-mode

* Beam exposure measured in e ETEEEETET
protons-on-target (POT) True Energy (GeV)
* 7.1x10%° POT of neutrinos in Runs I-IlI
* 1.7x10%° POT of anti-neutrinos in Run IV
* 0.6x102° POT and counting of neutrinos in Run V
* Most analyses have looked at the first 3.2x10%° POT so far
* Plan to have 7.1x10%° POT analyses ready for Neutrino 2010 (June)

v, Spectrum -
v, Spectrum -

10* Events/GeV
o S
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‘é‘ Physics Goals

v, CC disappearance

* Precision measurement of Vv Ue1
AP, | and sin?26,, 1 -
_ . \ N
» v, CC disappearance V” U“ :
* Tests CPT conservation ' T1 _
* Measure v parameters v, disappearance
|An?,.| and sin?28,,
. V,
* Neutral current event disappearance

* Signature of sterile neutrinos or decay

V_appearance

 Sensitive to 6., O,

V2_

Am2

Vl_

Ve. V,Ll. VT.
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‘é‘ Neutrino Disappearance
* With 3.2x10?° POT, expect 1065+60 (syst) without oscillations

* Observed 848: Best fit |[Am?| = 2.43x103eV?, sin?20 = 1.0
 Backgrounds: 0.7 cosmic, 2.3 rock W, 5.9 NC, 1.5 v_appearance

* PRL 101 131802 (2008)

1 [ | T 1T 1 | 1 [ | L | | 1 | 1 | | 4-0_ | | 1 | |
150 i MINQOS Far Detector i E
] 3.5 .
* Far detector data —~ B
> <L f
[o)] — — No oscillations > 3.0 o
¢H 100~ N 2 -
—_ - — Best oscillation fit o B
-'UE) : :f [ NC background = 2'5:_
o} &~ [
& o : 5200
i ~ | ® MINOS BestFit Super-K 90%
I 1.5 — MINOS90%  —— Super-K L/E 90%
| ! [ —— MINOS 68% K2K 90%
Di—‘"l""l""lllllll - 10_||||||||||||||||||||_
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Reconstructed neutrino energy (GeV) sin®(20)
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‘é‘ Neutrino Disappearance

* Discriminate between
models of v disappearance

RN
° Decay " 1.5 7
* Barger et al., S |
PRL 82 2640 (1999) x| +— 1] I
» Disfavored at 3.70 o . ==unn
with respect to oscillation g = T
* Including NC events g |
S b «  MINOS data i
(See Iater) = 3.20 O 0'5_ + Best oscillation fit
* Decoherence © Best decay fit
° FOglI et al., 0 i Best decoherence fit |
PRD 67 093006 (2003) 0% 7015 203050
* Disfavored at 5.70 Reconstructed neutrino energy (GeV)

with respect to oscillation
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Neutrino Disappearance

* 7.1x10%° POT analysis this summer §15_-mas'pr;“m:nar;3'esf29%' ot !1
* 2.2 times the exposure of last publication 3 S
Analysis improvements: e 1% -l 2 I
* Improved reconstruction & Monte Carlo 1’ 5? . ."““I. .J‘.'u_.l::f __'__10_2
* Reduced systematics F - : - i
* Improved particle ID N LB . 0

* Improved Shower energy eS’[Ima’[IOI’] True neutrino energy (GeV)
* Separation of events by resolution Worst 20%

* Inclusion of:
. Antmeutrmos assummg CPT
* Rock ' a i

—_
. 0]

—
|O|||

Reconstructed neutrino energy (GeV)

[ =} .. . L l -3
% 5 J0 15 10

True neutrino energy (GeV)
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‘é‘ Antineutrino Disappearance

* We have analyzed v in 3.2x102° POT v-mode data
1.7x102° POT v-mode analysis in progress

v-mode: 7% v —— T T
H MINOS Preliminary: 1x10%° POT-

W
-

LA L B B B

Challenges to an
analysis of these:
* V have ~¥; the
cross-sections of v
* V produced in v-mode
are on average
higher energy

I_I

Near Detector
Low Energy Beam
Simulated

— Vv, Spectrum -

-V, Spectrum -

10* Events/GeV
= D

b 5 10 15 20 30 40 50
True Energy (GeV)
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‘é‘ Antineutrino Disappearance

CPT predicts: 58.3+3.6 (syst) events

* Observed 42: 1.90 deficit 400_' AR VAL L L
* No oscillation excluded at 99% 500} S o ary
* CPT-conservation allowed at 90% |
. . 100f
* Improves on previous global fit — |
* Gonzalez-Garcia, Maltoni > 40l
Phys Rept 460 1 (2008) I
I LA AL L b ) 20f
MINOS Prellmlnary + Far Detector Data : 9
- — No Oscillations ~ 10}
> 150 T ——- CPT Conserving — _
() | ] _]' Systematic Error | (\!E — 90%
@)  e— —— Background (CPT) _ ﬂ 4: — 99 7%
< == i - o
— 101 -1 Low Energy Beam | ol — 90%v,
0 FarDtZaéector ] 90% Global Flt i
& | | g S0 ROT |- 777" 99.7% Global Fit™ W el
D Sk ‘ : - 4 MINOSBestFit .. |
= ] L 1 1 | L1 1 I 11 1 ] 1 1 1 I -I‘-|-"!"
ZI: N AT 0 02 04 06 08 1
00 5 10 15 20 30 40 50 Sin2(2§)

Reconstructed v, Energy (GeV)
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‘m Antineutrino Disappearance

200—
* Have collected 1.7x10%° POT 100 <
' V) ' ~ [ 7
of dedlf:ated \) ruanlng Ca0f
* Analysis coming this summer Oogl &
e : @ =
* Sensitivity at CPT-conserving ~ © 49l -
. hum
point shown ~
o~ - 90% Confidence Data:
= 4:...G|ob§anvu
MINOS 7,
< 2t D3.2><1 0% POT v, mode
1_90% Monte Carlo Sensitivity: e ]
- — MINOS ¥,: 1.5x10% POT v,-mode ]

0 02 04 06 08 1
sin’(20)
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# Neutral Current Event
Dlsappearance

* Deficit = neutrino decay or mixing

3.18 x 1020 POT

60 —— Far Detector Data |
== " Zr—gec o 1 Wlth Sterlle ﬂaVOr vs
E aok | T - =12° 6 =32
2 L v oosaaond |+ 3.2x10% POT analyzed so far
o |amZ, | = 2.43x10° eV?
5, #1, .- |+ PRD 81052004 (2010)
' * No significant deficit observed
o5 E 1(2\/}' 5« Fraction of disappeared v,
converting to v_ < 52% (90% CL)
50 ] * Several 4-neutrino models consistent
: * Best fit point - with no sterile mixing:
_s0f —o%CL . 6, <11°; 6, <56° (90% CL)
N ] * Joint decay/oscnlanon fit constrains
i — neutrino lifetime
307 T t/m,>2.1x102 s/eV (90% CL)

o (10° GeV/km)
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a Electron Neutrino Appearance

» A sub-dominant oscillation mode controlled by 6.,

P(v, - v,)= sin®6,.sin*26,.sin*(1.267Am?, L/E)

e Chooz: Sin22913 <0.15 | " Monte Carlo 0.21' " Montecarlo 0
E | ¢ E
* Expect few % EL m =" 5
appearance atmost 5, ®&8F_ . 2, af : I .
: oo A - ?
* Select events with - :
compact shower, ) o Foz-
typlcal EM prOflle T De;)th in[)o(.astetl::tolr(;n) T 0 S DepthI inlDot-eiector(lln)I r o
* Use an artificial Hadronic Shower EM Shower
neutral net (ANN) Neutral Current Event Charged Current v, Event

* 42% signal efficiency
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Electron Neutrino Appearance

* With 7x10%° POT:
 If6,,=0, predict 49.1 £2.7 (syst) events, observed 54

* Dominant background is NC

MINOS PRELIMINAR

B ! | ! | ! | ! | ! | ! | ! -
- ANN -
—=— MINOS FD Data -
= Best Fit Signal -

TR W
Heteteli wlelete!
S5
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1110*0“
%
e
S

T
i
&
oo

&

455

£

ey

&

4

AT
e
el
elely
]
%
5
4]
<]
iy
5

,v
&

g

5

,v
0
252545

o

S5
&%

10

St B 5

e L R
R T Rl iw wimimomimin WIASASH
[OSORNS RN O TR RN ST

Events/GeV/7x10%° POT
8
o

T e
S o e i e
R m

o ................... FEE R N e e~~~ — T T T T T T Ty T TTTTTTTT |

2 3 4 5 6 7 8
Reconstructed Energy (GeV)

]

11 May 2010 Matthew Strait, University of Minnesota 13



‘é‘ Electron Neutrino Appearance

* First experiment with result
beyond the ChOOZ ||m|t Feldman-Cousins Contours for ANN

+ For 8,,=0, sin?20,,=1: Y
* sin?26., < 0.12 (0.20) for normal 15
(inverted) mass hierarchy 5

* Difficult analysis, but still :
statistics-limited. Future plans: .k

IIIIIIIIIIII
7x10%° POT
= 90% C.L.AM3,>0
= 90% C.L.AmZ2,<0

== CHOOZ 90% limit .
2sin’0,,=1 for CHOOZ 1

p——

= -

Snm -
a 1.0F
o n

o)

(1.7x10 POT) A
* Addition of Run V v data 2sin?20, ,sin%0,,

(0.6x10%° POT and counting)
* Improved NC/v_discrimination
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‘é‘ Summary

v, disappearance

« World leading measurement of |An?
\_)u disappearance

* First long-baseline measurement of |An?,|, 8,,

29!

Neutral current disappearance
* Constraints put on sterile neutrino mixing and decay

Vv, appearance
* First results below the Chooz limit

Most analyses planning to have new results ready for
Neutrino 2010
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Backup
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‘é‘ Electron Neutrino Appearance

Neutrinos and Physics Motivation

* There are 3 generations of neutrino: v, VoV,

* neutrinos have mass and they oscillate

* neutrino oscillations are governed by the PMNS matrix

PMNS mixing matrix (Pontecorvo-Maki-Nakagawa-Sakata):

% U U
e el e
v |F|IU U
u ul u2
VT U Tl UT2
Weak PMNS
Eigenstates Matrix

11 May 2010

Ue3 V] CIZCB SIZCB S13€ V1
— ) i0
Uu3 V2 S12 C23 C12 S23 S13€ C12 C23 812S23S13€ S23C13 V2
i 0 io
UT3 V3 S12 S23 612 C23S13€ C12S23 S12C23S13€ 623 C13 V3
Mass
where  —q; and . _
Eigenstates §y— s Qij €;—C08 Qij
Ij=12 => solar terms
Ij=23 => atmospheric terms
j=13 => unknown terms
3 => CP violating phase
Matthew Strait, University of Minnesota 17




® Will consider the same sterile neutrino oscillation models with three active and
one sterile neutrinos studied in the PRD:

1) m4>>m3 IAVER> VALY Ay =0
N —— v I
2) m4=ml
® Take into account possible Ve Ay

- AN
appearance with two sets of

: I
fits: V3
cam? Vo

o,
v mé,=0
AME, V, Ay,

.ve .v!vl .V‘E .vs

® 0i:3=0 v, I
v, I

B 013=0.20, dcp =TT (from MINOS Hve WY WM. Wvs
90% C.L. limit for Am?2>0)

® Will also calculate fraction of active neutrinos PL, i
: ; 3 : — H 5
that may oscillate into a sterile neutrino for f,g =7_p
each model Ay
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150__ MINOS Far Detector |
Rock Muons |/ «eeowe

----- No oscillations

% 100[- i
* Depth of oscillation deficit=sin?26 ; | —_ Bestoscllalon i
c i [ NC background
* High E neutrinos reconstructedas 5 . [ PRL101, |
low E muons form a background "} x4 131802 (2008)]

* Location of deficit=Am? _
* Also partially masked by high o575~ 15203050
energy feed'down Reconstructed neutrino energy (GeV)

* But total magnitude of deficit alone
gives a strong constraint

* Strength of this analysis
Splitting events into several
categories isolates the stronger
parts of the signal

N
3
=)
I

Far detector Monte Carlo, corrected
by near detector; anti-fiducial events

N
o
o

U NP S ............ —— Unoscillated

—|— Oscillated at MINOS best fit

-
($)
=
=+

Errors are scaled
to data exposure

-
o
(=

|MINOS Prellmlnary

0123 45678 810
Reconstructed 1 momentum (GeV)
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What Is Expected in Soudan?

« Measure Near Detector E, spectrum

« To first order the beam spectra at Soudan is the same as at
Fermilab, but:
— Small but systematic differences between Near and Far
— Use Monte Carlo to correct for energy smearing and acceptance

— Use our knowledge of pion decay kinematics and the geometry of
our beamline to predict the FD energy spectrum from the measured
ND spectrum

nl- to far
o (St e
% ——=====ccoco- - ooyt S )
7; f
Decay Pipe ND

i 12% 3 2% g, = 043,
I’ H+y%0 1+ y°6°



Far Detector Neutrino Energy (GeV)

Events/Kton/1x10'2 POT

Far/Near Extrapolation
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 Beam Matrix encapsulates the knowledge
of pion 2-body decay kinematics &
geometry

* Beam Matrix provides a very good
representation of how the Far Detector
spectrum relates to the near one

* PDF of a E, bin @ Near Det as it spreads
to the Far Det



