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Two oscillation regimes: 0 v, I !
» solar, reactor experiments: &
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Main Injector Neutrino Oscillation Search (MINOS)

735 km to the far detector /REEEHEELRTN
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NuMI N rin Muon Monitors
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Tunable energy spectrum
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Neutrin he Main Inj r (NuMl

Protons delivered

o 10 e T T e P z S
~ S
Q F 41,, 8
< A
S :
: =
8 N
1.
)
R .
2 S
s <
S
Ea
& 6
4
2

0 0
2005/05/02 2006/01/21  2006/10/12  2007/07/03  2008/03/24  2008/12/13  2009/09/03  2010/05/25 2011/02/14

e r—— ] \ e ]

v, data used in latest results v, analysis in
progress

Ryan Patterson, Caltech Fermilab Users' Meeting 2011



uvuvuvuy

MINOS Detectors <o TN BB RN
* Near and far detectors: scintilator | |
Magnetized tracking calorimeters (~1.3 T field) 1
* Alternating layers of I |
steel (1” thick plates) crps
scintillator (1 cm thick, 4.1 cm wide strips) !

* Scintillator layers oriented at +45°

o — —==—==" Far detector |
—__= _ (54kton)

« e




MINOS Detectors

Extruded plastic
scintillator strips

4

WLS fibers

Multi-anode
PMT
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Neutrino events

(Monte Carlo)
v, charged current E .l
* Clear signature in MINOS: long track § o.si—
* If u track is very short, event can be g 00
mistaken for NC or v_CC g '0'5; B -1a1Gev
0 2 4 6

longitudinal pos. (m)

v_charged current

0.5
* v_is small component of initial flux i

* Electron leaves characteristic deposition

tranverse pos. (m)
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pattern: compact shower E,. =78GeV
0.0 05 10
longitudinal pos. (m)
neutral current E .5
+ Esp. with 7°, hard to distinguish § |
from v CC 6 00 M oe=m@ o
e g L
* Energy more transversely distributed E0  E  _goGev
0.0 0.5 1.0
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v, disappearance (v, —v,)
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Muon neutrino disappearance

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

* First stage of selection: kNN selector
» Fiducial volume (below) egybeom
» Beam timing, cosmic removal
» How “track-like” is the event? —

Low Energy Beam
—e— Data

10 == MIC expectation
== NC background

* New for 2010 analysis:

» Recover short-track events
(second kNN discriminant
and no muon charge cut)

o E a

Far det.

Events / 10'® PoT

[ T ST T T T R TR L
0.2 0.4 0.6 0.8 1
CC/NC separation parameter

Fiducial regions
(in red)
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* Convert the measured near detector energy
spectrum into a prediction for the far detector

* Monte Carlo used for this, incorporating:

beamline geometry
detector solid angles

readout differences (near vs. far)
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* Convert the measured near detector energy v e R S Gl
spectrum into a prediction for the far detector —_—

: MINQOS Far Detector :
>300; —4— Far detector data |
* Monte Carlo used for this, incorporating: 8 - Nooscillations
. i Best oscillation fit ]
beamllne geometry .:;)‘2007H |:| NC background i
detector solid angles 2 | :
readout differences (near vs. far) S | + :
100F
- +
- 0 ‘ —
* Clear deficit seen at far detector — 0 2 4 6 8 10

Reconstructed neutrino energy (GeV)
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Also new in this result...

True Neutrino Vertex y (m)

More than twice the data over
the 2008 result

Updated beamline simulation
Fitting in resolution bins

Improved shower energy
estimator

Recovery of events starting
outside the detector

Events

Improved shower energy es_.timator

" 1.5<E<2.0 |

" 0.5<E<1.0

" 1.0<E<1.5

Réconstructed/true 'shoWer energy

O =N W S O O
Events / m?

Recovery of “anti-fiducial” events
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2006

Oscillation interpretation:

- Parameter space shown at left.
- Most precise Ant,,, measurement:

® MINOS best fit

Am?

| — MINOS 90%
atm

= (2.3210:12)x 1073 eV?

25 __ —_—— MINOS 68% 3
1 MINOS, PRL 106, 181801 (2011)

MINOS 2008 90%

| —— MINOS 2006 90%

2.0||||||||||||||||||||_

0.6 0.7 0.8 0.9 1.0 » 1.5 —
sin?(20) s | ]
= | {d
. S T 111
Strongly disfavored 2 T i ollin et
alternative interpretations: o 1 T :
Neutrino decay: >70 2 0.5F —4— Far detector data -
®) Best oscillation fit | i
DeCOhel’enCe >90- ..% Stats. only decay fit e
Y Stats. only decoherence fit

2z 4 6 8 10
Reconstructed neutrino energy (GeV)
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Same for Vu?
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Antineutrino running

Forward-current mode (neutrinos) Reversed-current mode (antineutrinos)
LN R L AL I B B LN R L B L B B

v, Spectrum

v, Spectrum
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v, Spectrum

(Monte Carlo)

v, Spectrum
(Monte Carlo)

Much better: reverse the
current in the focusing horns...

/
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Could use v, component

Occ (Arbitrary Units)

Flux x o (Arbitrary Units)

15 of standard NuMI beam... 15
X 10 10
5 5 5
E gggggg L ] ——f———
OO 5 10 15 20 25 30 5 10 15 20 25 30
Erve (GEV) Erve (GEV)
i | T ] | ]
20 MINOS Near Detector ]
. —— D ifi k
* Reversed horn current running 5 | T Deta (regaotecka) -
- predominantly antineutrino flux 2 15[ S Simulation (positive tracks)
- | Simulation (negative tracks)
X i ]
* Magnetic detectors allow muon o ]
. o B
charge selection _
. § __ 0{)_{,.00*-00-0-{>.00{>{> ]
* Good v/v separation; well-modeled —» & 7 oo ]
ch""é' - '1‘0‘ - ‘1‘5‘ 20
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v rved in the Far ¥

1. 71 x 102 POT MINOS v, runnlng Far Detector

- IR L) LA L) L) Al Rl i s
30 | —- MINOS data -
] — No oscillations ]
i m'=2.32x10"eV?, sin?(28)=1
% - — Best oscillation fit i
O 201~ ] Background -
%) a _
c | ]
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> - _
LL i | ]
T 107 ++ -
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Reco. Energy (GeV)

IAm?| and |Am°| (107 eV?)

* v disappearance observed at 6.30 C.L.

* Well described by flavor oscillations:

| | L | L | L | L | L
-— MINOS v, 90% — MINOS v, 90% -
O[-.. minos v, 68% --- MINOS v, 68% |
| @ BestV, Fit e Bestv, Flt
5 1.71x 10°° POT 724><1020 PC}T
2_| L1 | | L1 1 | Ll | L1 | I

0.5 0.6 0.7 0.8 0.9
sin“(260) and sin“(26)

f

stat. errors Am

dominate

atm

= (3.3610:90)x 1073 eV?

sin®(20) = 0.86170-12

MINOS, arXiv:1104.0344 (2011)
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v rved in the Far

* Large exposure in forward-current
(neutrino) mode, but with higher-
energy spectrum

* Results consistent with reversed-current

(antineutrino) mode measurement

100: | | — — ]
- 7.1x 10% POT, v,-mode -
c\;‘ 40} MINOS Preliminary " W Excluded
) i N 1
[ 20 ¥ ~ |
~ 10| =
o - \\ .
(= - 90% C.L. =l ]
h | v, Neutrino Beam B S SSNNNNWW
“ o v, Antineutrino Beam ® n

o v, Neutrino Beam
—_— 2t 1 ‘ -

NE S—— Super-K v * R

b b ¥ W Best Fit Neutrino Beam "
— - e V, Best Fit Antineutrino Beam ]
B * Super-Kamiokande preliminary |
| (Neutrino 2010) —

0 4 | | | | | | | | | | ] | |

"0 0.2 04 0.6 0.8

sin’(26) or sin*(20)
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FD v data (v-mode running)
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—4— MINOS Far Detector Data

30

--------- Prediction, No Oscillations

Best-Fit Prediction

Uncertainty (oscillated)

: Backgrounds (oscillated)

Low Energy Beam, v -mode
7.1x10° POT .

i

20

MINOS PRELIMINARY

Events / 2 GeV

0 5 10 15 20 30 40 50
Reconstructed v, Energy (GeV)

Reversed-mode data sample
now nearly doubled, from
1.7x10% p.o.t. to 3.0x10%° p.o.t.

Updated antineutrino
results this summer.
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What do the “lost” v become?
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v, disappearance at the far detector

In the standard picture... DR SIS
>3007 =—4— Far detector data N
. . . Q i No oscillations ]
* Barring new physics, the original muon O | Bestoscilation it |
. - \200— NC background —
neutrinos have become superpositions 2™ EEgretecgmnt
D Z 1
ofv_, VsV, =100} i%*iﬁ-f

» The proportion of v _ is governed by e T

the mixing angle 0 _, known to be small Reconstructed neutrino energy (GeV)
13’

/ VoV, candidate, OPERA collaboration
: 10mm L.

> Am
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vol )
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V4 _:If
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— travel 735 km -

near detector o far detector
98.7% v . S V
YV, )
1.3% Vv g;
(and V) @
ve
millions of thousands of
v events 0 ,20? | v events

0.5 0.5

of m=Egc-= -

0.5

v, appearance:

0.5

tranverse pos. (m)
o
<

tranverse pos. (m)

* Being with shower-like | | | - |
( n O n ‘traC k'l i ke) eve ntS o0 Iongltudlngl f)os {m) 10 o0 Iongitudingllios. {m)

* Classify shower topology with Example EM shower profile
an ANN to select v_events - os

A

* 11 variables derived from oF dt F(a)
longitudinal and transverse

energy deposition profiles

Energy (MEU)
=]

* Examples:longitudinal shower fit
parameters; shower width metrics %

MIIIlIIIlII

i " n L
Eungitudinal Ener‘g',r Profile by Plan1eﬁ



vV appearance result (2010) With 7x10% protons-on-target

v_charged current candidate events:

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

(0.70 excess)

——
ANN
== MINOS FD Data
=== Best Fit Signal

30
401~

w 11111 A
T - + 20 EEES s v, CC
.........
4 I w= Beam v, CC
w 20 ST N w=v_CC
4 R B A
—.— SR K
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Events/GeV/7x10%° POT
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S e i - e B —
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ANN Selection Variable Reconstructed Energy (GeV)
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Oscillation interpretation of the data (2010)

Feldman- Cousms Contours for ANN

- 2 20 D L DL B R R B B L ]
sin“(20_.) allowed range | %10 POT E
depends on CP-phase 6 and 1 5;_ — 0% CLAMEs0
mass hierarchy [sign(An7)] ~E —— 90% C.L.AME,<0 -

- —— Best Fit Am2,>0 .
t u 32 -
< 100 A\ Best Fit Am3,<0 E
90% C.L. allowed ranges — o F -
o) n —— CHOOZ 90% limit =
- (for sin®20  =1) 3
055 /% e
E ..-'::.:...I../.... ......... Lo g
0.0 0.1 0.2 0.3 0.4

MINOS, PRD 82, 051102 (2010)

2sin’0 , sin“20
Representative 90% C.L. limits:
<> put 6.,,=0, 0,,=m/4

normal hier. = sin22913 <0.12

inverted hier. = sin°20. < 0.20 (other oscillation parameters'’
13 uncertainties taken into account)
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Library Event Matching (LEM) Example

New for 2011 analysis

_Input event

Z 106 ﬂ.;go
. k) 104+ | - -80
* A bit more data: § [ ER
7.0x10%° p.o.t. - 8.2x10% p.o.t. & e
. g 98; I I | : 30-S
* A new selection method (“Library £ o : %Ifg
Event Matching’) ¥ o K 110\0
. z position (plane
Compares input event to large
library of simulated events, finding ~_ . ¢0°dmatch _,, _ _ Bad match —_
. T g 90 = ¥ 1
those that are the most similar g 0 ! o B 1 <80
.g 101%— I 170 @ _S 102F 370
G 00 (60 3 1001 | I I e
g 1508% S "G I 150 &
.................................... e g 7 I I 405 g o I | 4058
160 Far Detector Predlctlon (Preselectlon) — g o7 [ gg” g o6k : gg"
10 MINOS PRELIMINARY 1  § % I10 £ o %I“’
- ~—— Signal ] - w105 0 N (/Y [ I
&120 W NC _: z position (plane) z position (plane)
2 —— v, CC ]
2100 == v, CC =
= 0 arior ot e c0s- 1 ° Move from just counting events to
2 ., DA fitting (e.g., LEM PID distribution)
c ]
(] -
> 2 — M ] ] -
w40 ; : —— * At left: predicted FD distribution for the
20| ke / LEM discriminant

90 01 02 03 04 05 06 07 08 09 1.0
LEM PID Fermilab Users' Meeting 2011



New for 2011 analysis

e 30% improvement in sin2(2913) sensitivity over 2010 result

* 24% improvement from the analysis upgrades alone
(roughly half from new selector, half from fitting)

* Below: preliminary 90% C.L. sensitivity for 8.17x10%° p.o.t. analysis

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

| z
i <
1.5 — Z
- 8.17x10% POT =
= 5 - Look for a new 6
— 1.0 [ |Am2,|=2.32x10eV? II-JI:J — ) 13
w o result this summer.
0.5 - Am3,>0 8 —
- =
i = ]
0.0 — — — —
0.00 0.05 0.10 0.15

2sin?(6,,)sin’(20,,)
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Sterile neutrinos? (v—v,)
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Sterile neutrinos? (vﬂ—»vs)

Example masses/mixings
* If other light neutrinos exist, they must with a single sterile state
be sterile (LEP Z° measurements)

. . . . . A V.
* Sterile & active neutrinos could still mix: *
Sterile mixing would reduce the
rate of neutral current events at 7
the far detector _ Ams,
]
i - g
E | = I" (o7 )]
= 30| ALEPH [ 3\ > I
DELPHI Il \\
L3 J/4\\ At
. OPAL
20 - V,
[+ average measurements, ] V)
by factor 10 W,
[ .c-;::::: R . Vc . VH . VT I:l Vs
10 __ ) 5‘“' “\i&gm
/ﬁﬁ; q
R R B R T R

E_ [GeV]
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MINOS neutral current sample

MINOS, arXiv:1104.3922 (2011)
rrrrprrrrrrTrrr T T T

140 £
120

eV
AERRRNRERRRN '_'+'_?"'|"'|'_
-

* Select events without muon track
(i.e., neutral-current-like)

Observed far det. spectrum —»

—4— Far Detector Data
e 0,=00

e 8,3=11.5°, 3 = m, Am” >0
T : % 80 v, CC Background
- Possibility of 6 -driven v, 5 60 AM2,| = 2.32x10° 6V2
appearance adds uncertainty “ 1 sin20,,, = 1

* Data consistent with no sterile mixing 20 -
0 -«{%\\ \\\\\\lﬁ\\\ﬁ\_&\\{\\ AN AN I . o
4 6 8 10

T
0 2 12 14 16 18 20
N d f defici Ereco (GEV)
0 eviaence of aeficit

Can convert into limits on model

parameters, or summarize with: R _ observed) — (expected CC bg)

expected NC

P(v,—vs)

fs = Prsv 0 0-120 GeV:
< 0.22 (90% C.L.) R=1.09£0.06, +0.05 -0.08
0-3 GeV:

if no v_appearance

R=116+0.07  +0.08__ -0.08

t
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MINOS Summary

* New v disappearance result
= precision mass-splitting measurement:
Am?, = (2.321012)x 1073 eV?

* High-purity ¥ measurement —>
- some tension (2% C.L. agreement w/v )
— updated result this summer

* New sin*(9 ;) limits —,
— iImproved sensitivity this summer

* No evidence for sterile mixing:
- f <0.22 (90% C.L.; 6.,=0)

* Did not cover...
-~ physics with atmo. neutrinos, cosmic rays
~ neutrino/antineutrino cross sections
-~ other BSM physics searches

)Am?| and |AT’| (107 eV?)

d¢p (1)

L MINOSV,90%  — MINOSv, 90% -
oF ... MINOS v, 68% --- MINOSv, 68% ]
B ) Bestvu Fit ® Bestv}l Fit ]
5[ 1.71x 10°° POT 7.24x 10 POT A
| :
3r 0 T
27\‘”.\”.@”..|.‘..|.‘.i
05 06 0.7 08 0.9 1
- 2 - 2(77y
sin“(20) and sin“(26)
208 Feldman Cousms Contours for ANN
- A T L L B L LR ]
- 7x10%° POT :
— 90% C.L.AM2,>0 -
— 90% C.L. Am3,<0 .
— Best Fit Am2,>0 .
---------- Best Fit Am3,<0 3
) —— CHOOZ 90% limit
el ./ ............. L E
0.1 0.2 0.3 0.4

£ 2 £ 2
2sin”20,,sin"0,,

* MINOS+ proposed to collect large sample of 4-10 GeV
v and anti-v interactions parasitically during NOvA running
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Extra slides
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Raw Response (U Planes) Calibrated Response (U Planes)
0 " =

Calibration

Cosmic ray muons:

measure & remove spatial variations
(channel differences, attenuation)

MINOS Calibration Detector (CalDet): E scale Everything tied together

» Exposed to 0.2-10 GeV p, e, u, m at CERN with stopping muons:
* 60 planes, Tmx 1m

CalDet response Muons in Far Detector

— Bethe-Bloch
& Monte Carlo
* Data | Bk P

1

® data 0.6 GeV/c

T
® data 1.6 GeV/c
* data 3.0 GeV/c
— MC

Stopping power (MeV cm?/g)

o
T T T T%

(]
_|IIII|IIII|IIII|IIIITIIIIlIIIIlIIIIlIIII

PN N RPN ARV RTINS IR AP R A
02 04 06 08 1 12 14 16 18 2
Muon momentum (GeVi/c)

% events / bin
>

—_
o

MINOS calorimetry good to:
6% (absolute)
2% (relative near/far)

0 100 200
Ryan Patterson, Caltech calorimeter signal (a.u.)




Analysis improvements, 2010 v CC analysis

2.8 I I I 1 I 1 I I I | I I 1 I |
MINOS 7.2x10%° POT sensitivity ]
90% confidence level

® Input parameters

e
NN
o
Illllllllllllllllll

2008-like analysis

+ New shower energy estimator

'/

+ Resolution binning

+ Rock and antifiducial events

N
Oy
I‘I | I‘l [ I‘I |

09 095
sin°20
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FD data in resolution bins, 2010 v CC analysis

Far Detector Data

11 T rr-fTrrr-rrrrrrrrrrrr7rrrrrrrrr T
Negative Curvature } Negative Curvature t Negative Curvature
60 Resolution Bin0 + [ ResolutionBin1 Resolution Bin 2

> i
8 20l 1 i | — Prediction
~ K ¢ | [ |
%) ++++Ff* . | —— Best Fit
S UL UL L L LA DL AL RSN RN NI 1 0
(- - Negative Curvature t Negative Curvature t
@ 60 [ ResolutionBin3 + [ ResolutionBin4 -+ Positive Curvature |
> i 1 NC Background
1 7
ﬁ' | —— Data

.15. 3

R
Reconstructed Neutrino Energy (GeV)
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ND and FD data and prediction, q/p

2010 antineutrino analysis

) s
(o= =

Events / ton / 1x10'® pot
o S

Mear Detector

8.65x 10'° PoT
Antineutrino Running

MINOS Preliminary
—-Data

— MC Expectation

] ] ]
-1 -0.5

0

L I L
0.5

Track Charge Sign / Momentum (c/GeV)
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80

60

————
" MINOS Preliminary

Far Detector

L +-Data 1.71x 10%° POT

— — Oscillated MC Antineutrino Running
|~~~ No Oscillations

: 1
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Potential evolution of antineutrino disappearance result

C\J> 8: 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |° 1 1 1 1 | 1 I. .I‘ 1 : C\J> 8: 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |° 1 1 1 1 | 1 I. .I‘ 1 :
®  ,f Assuming the 2010 e o © ,f Assuming the 2010 e o™
@ - best-fits are correct — 35, 10®°poT < - v best-fitis correct — 35, 10%poT 1
2 BF (different for v, v) ~ —4ax10®pPOT - — 6E for both v and v — 4x10°POT
— F —5><18222POT . — F —5><18222POT ]
NE oF v, Dala S0% C.L. ~ NE SF v, Dala $0% C.L. ~
© = e o - i
- 3_— — - 3_—
© - S © m - =
T 2 E T 2F E
g 1: AR SR A SO NN T A SR AN S N SR N TR . g 1: PRSI T S T S O S AN SRS S S N S N .
— 05 06 07 08 09 1 — 05 06 07 08 09 1

sin®(26) and sin%(26) sin’(26) and sin®(20)

Total NuMI protons to 00:00 Monday 14 February 2011

_—
>
|

12

i 70

Total Protons (E20)

Protons per week (E18)
Co
T \
—-

8

new
| . antineutrino

/ data
4

2

%_

LT

| | | [ | 14 | |

0 . 0
2005/05/02 2006/01/21 2006/10/12 2007/07/03 2008/03/24 2008/12/13 2009/09/03 2010/05/25 2011/02/14
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ND data and MC distributions for variables feeding
2010 v CC analysis's CC/NC separator
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2010 v CC analysis selection vs. 2008 version
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Far detector data in antineutrino-mode running
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Systematics on v disappearance measurement

FarDetectorMc * Effect of uncertainties estimated by
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fitting systematically shifted MC

* Analysis is still statistically limited

* The 4 largest systematics are 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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Systematics on anti-v  disappearance measurement
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Target degradation

Gradual slope due to

radiation damage Step caused by adding
helium to decay pipe
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Flux prediction tuning
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Far Detector

FD prediction for v_ N ANN ;
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v background decomposition
(2010 analysis)

* Transport of CC components to far det.
requires application of Posc(vu_—)vx)

* Could use MC to estimate fraction of
background that is v, and v_CC

Events/1x 10'"POT/GeV

* Better: measure NC, CC components

by adjusting horn focusing, modifying

NC / CC fraction
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2011 v_appearance analysis improvements’
effects on sensitivity

Projected 90% C.L. (Normal Hierarchy)
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2011 v _appearance projected event counts
and systematic errors (preliminary)

Systematic
Calibration + 4.2%
Cross talk + 2.0%
Sin2(2913)=0 Normalization + 1.9%
expect 49.8 events above LEM=0.7 | Hadronic Errors + 0.8%
Cross Section and Intranuclear Model + 0.7%
sin®(26.,)=0.16 Beam Model + 0.7%
expect 79.4 events above LEM=0.7 | Total Far/Near Ratio + 5.3%
v, CC Uncertainties + 21%
ND Decomposition Error + 0.3%
Total MC Systematic Uncertainty *+ 5.7%
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Allowed parameter regions for 3+1 sterile models

given the MINOS neutral current data
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NOv A-era event rates at various off-axis locations
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