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MINOS/MINOS+ Overview

* MINOS (Main Injector Neutrino
Oscillation Search)

* NuMI neutrino beam from 120 GeV
Main Injector-accelerated protons

* Neutrino energy spectrum measured
with two functionally identical iron-
scintillator tracking calorimeters

— Near Detector at Fermilab
* 1 km from target
* 1 kton mass

- Far Detector, deep underground in the
Soudan mine 4 irois

e 735 km from target
* 5.4 kton mass
» Compare Far Detector observations . | ifsouri. 4
with extrapolation of Near Detector
measurement to study neutrino
oscillations.

~Fermilab
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MINOS/MINOS+ Overview

* From 2005-2012, the NuMI beam
operated in low energy mode
(MINOS era)

* Since 2013, the NuMI beam has
operated in the medium energy
mode (MINOS+ era)

— Higher energy ideal for long-baseline
sterile neutrino searches.

Simulated v Beam
> I 5.4 kton, 6 x 10” POT
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Status of Sterile Neutrinos

 LSND and MiniBooNE have both seen
excesses in v, — U, appearance at
short baselines.

175

Beam Excess

125}
— Consistent with large Amz sterile neutrino 5t B
oscillations. o

* No evidence for sterile oscillation seen by
disappearance experiments.

| l . n 1
04 06 08 1 1.2 14
L/E, (meters/MeV)

Phys. Rev. D 64, 112007 (2001)

[ LsND 90% cL

[JLSND 99% CL

=== KARMEN2 90% CL

— 68%

—90% by

—05% '

— 90% (" 3%
P

» Unlike in disappearance experiments,
oscillation probability in appearance
experiments is quadratically suppressed
by the matrix elements in the amplitude.

— Must resolve this conflict — sterile neutrinos
can complicate measuring CP violation at
DUNE or HyperK.

* In this talk, | will discuss two strategies for
searching for sterile neutrinos at long ¢ e o

sin?20 sin“26

Am? (eV?)

baselines. Phys. Rev. Lett.110, 161801
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Long-Baseline Sterile Searches

Reconstructed NC energy spectrum

o Strategy 1: e
- Neutral current interaction rate is the same -

for the three active flavors.
« Standard oscillations do not change NC rate.

- v, — V, oscillations reduce the NC rate as
v, do not interact in the detector.

3000 |
25001

2000

1500

1000

- Look for NC disappearance relative to 3-
flavor predictions.

e lv v b by
0 1 2 3 4 5 6 7 8 9 10

- Model independent —~ i dptgg Ll L1
. - 1 |
o Strategy 2: -
— Sterile oscillations add modulations to =
standard 3-flavor picture, even in CC O o6
Inte raCt|OnS ) 04 No sterile neutrinos
- Fit go;ch NC and CC spectra to the 4-flavor 0.2 il s
model. .
o) S U S R
~- Constrain sterile mixing parameters ’ ° = - -
Energy / GeV
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Event Topologies
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Poorly Reconstructed Events

High rate in Near Detector requires
temporal and spatial slicing — may
cause split events

——<—— Near Detector Data

Accepted L
> Monte Carlo Prediction

- sz, Poorly Reconstructed Background

E 25F
E 25_ i MINOS Preliminary
% ! 55_ u . " B
E_ 1;—_ | .lli-‘.._._._' _: ey | B
F 0sE L 0 10 20 30 40 50 60
£ Max Consecutive Planes
4::_55
- i_ % —0—‘ I\‘Jear‘ Deltectlor II;atalI -
'D_HI:D_IEIHI‘I1””1_|5|”I£””2_|5”|Iili.llllii_lﬁllllalilll 2; Monte Carlo Prediction B
Z position (m) -E-) 10 g%/% Poorly Reconstructed Background
Minimize with pre-selection cuts on: s | [ Accepted__oum
— Fraction of pulse height in slice Ll T ,
. o L .
— The maximum number of - 1 o
consecutive planes /
0 0.2 0.4 0.6 0.8 1

Tal I : lice Pulse-Height Fracti
Remaining data/MC disagreement is Slice Pulse-Height Fraction

taken as a systematic uncertainty.
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CC and NC Selection

—
T 1

« MINOS was optimized

o i

for identifying v, CC 50 ;

: . - 0.6 <
Interactions. S M |

O 0.4 CC Selection MlNOS_Pre“mmary B

 |dentifying NC events is =R E— For Detecior MC Effciency

Near Detector MC Purity

more difficult. L
- 89% efficiency and 61%

SP—r—
o

Energy (GeV)

1—
purity at the FD. Zosi

- Main background is 030.6' |
inelastic v, CC events. § 04 ;

- 97% of v, CC events are e
selected as NC. 40 20 30 40

Energy (GeV)
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Model Independent Search




Far/Near Extrapolation

 The measured Near Detector energy spectrum
IS used to predict the Far Detector spectrum
via the Far/Near Ratio method.

 The method uses the ND data without relying
on a specific parametrization.

» Correct each energy bin in the FD MC using
the ND data/MC differences as a scale factor.

e Simple, robust to most systematic
uncertainties.

26 January 2016 Adam Aurisano
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FD Energy Spectrum

- T T T T T T T T T T \' |I T T T T 200 ‘ [ ! ‘ ! ! I ! ! ! '. l. ! ! ! ]
- josexio®por  MINOS Preliminary 10.56x10° POT MINOS Preliminary
4001 + v, running e MINOS CC-like Far Detector data - v, funning — :_"I:':e‘zsﬂ:fo:ﬁ:fl':::*:mf data
300 :_ Three-flavour simulation B 0 1 50 f:’ zt‘e:"l;::::gl::?n';ai"‘? B
-Icé'J B Systematic uncertainty "E I Beam v, background
L - I . appearance
()] B NC background 7] 0] 100+ v, appearance —]
= 200 1 o F -
L B Am2, = 2.37 x10° eV? Am?2, =2.37 x10° eV?
B sin’(0,,) = 0.41 ] 50 sin*(6,,,) = 0.41 N
1001 Am2 =754 x10%eV? Ang1 =7.54 x10° eV?
_ sin’(@,,) = 0.022 - + sin’(e, ;) = 0.022 1
0 . ! 1 ) | ) ) ) ) | ) ) ) ‘ } - —8— — 0 —*_— } > Y r o -
0 10 20 30 40 0 10 20 30 40
Reconstructed Neutrino Energy (GeV) Reconstructed Visible Energy (GeV)

» Oscillate CC events using the 2012 MINOS
v, CC disappearance best fit.

» 2563 v,-CC-like events in FD.
e 1211 NC-like events in FD.
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Comparison to 3-Flavor Prediction

Fredicted CC

« Compare the NC / R
energy spectrum in FD Nywo — S B
data (10.56x1020 POT R = —""_ 2 e
exposure) with the NE s pedeearc

expectation from
standard 3-flavor

_ i 0 —40 GeV
neutrino oscillation R =1.05+/- 0.04 +/- 0.10
physics using the R
statistic. J—3 ey

R=1.10 +/-0.06 +/- 0.07

- No NC disappearance _
SR=1 No evidence for NC

disappearance
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4-Flavor Search




4-Flavor Oscillations

Neutrino Energy (GeV) Neutrino Energy (GeV)

e Small Am2,;:

- Oscillations at high energies in the Far
Detector.

— No oscillations at the Near Detector

Probability

 Medium Amz2,,:

- Rapid oscillations at the Far Detector
average out.

— No oscillations at the Near Detector.

Probability

- Counting experiment

e Large Am2,,:
- Rapid oscillations at the Far Detector
average out.

— Oscillations at the Near Detector affect
extrapolation to the Far Detector.

Probability
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MINOS 4-Flavor Analysis Strategy

« Assume 3+1 model

- One additional sterile neutrino and an

additional neutrino mass scale.

0 1 2 3 4 5

oo TMINGS Prefminary | e
— Extend mixing matrix with extra angles and - A, =237 x10% o2 -
phases 06 [ sin’(8,,) = 0.41 + Tos
' A [ AmZ, = 7.54 x10° eV2 .
For simplicity, fix parameters MINOS is o [ om0 .
. S
not sensitive to (9, 0, 05, and 6,,) to zero. 3 + 1
. o Ok CC selection "
Fit both the NC and CC spectra to T F i
. LCE 050);:::?::::2I :?:::‘f’:::? '1P: ::1:’3::::2'9:3'FJ :j?t)s
determlne 623, 624, 634, Am232 and Am241. % ' = MINOS data . '
. . . —_ 41— Three-flavour simulation o.
To account for ND oscillations, fit = °4;_|_ Systomatic uncartainy | J[ i
oscillated F/N MC ratio directly to F/N data = °*¢ + | ] ? —os
ratio. on o2
- Include a constraint on ND rate. oA NG selection
Move to a covariance matrix based T
likelihood function to allow for an Reconstructed Energy (GeV)
increased number of systematic
uncertainties.
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Varying Baseline

— | I I
- MINOS Preliminary

Because we now

6 —— v, fromr* allow for short-
—— v, fromw baseline oscillations,
— v, fromK"

it is crucial that we
account for the
baseline varying due
to the distribution of
hadron decay points
within the decay pipe.

— V, fromK’

N

] ] ] | | ] | | ] ] ] | ] | L

Neutrino Events (x10 °)

0 | . . : 7 . X | .
0.2 0.4 0.6 0.8 1

Neutrino Distance Travelled to ND (km)
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Beam Systematics

Due to ND oscillations, it is not possible to

constrain the beam flux using a fit to ND data.

- Need to reassess beam systematics.
Fit a FLUKA simulation of the NA49 target to

Invariant Differential Cross-section [mb/GeV?]

Ny
o
[=]

1000

800

600

| T i i T T T |
MINOS Preliminary f

A FLUKA McC*

NA49 Data’

FLUKA MC* Param.

FLUKA MC* Alt. Param. 15 Spread

] . B { FLUKA MC* Alt. Param. 20 Spreai:lz
the BMPT parametrization. [ 3 X =0 1
: L . 400/ + 7
Vary fit parameters within their errors to s T .
create a collection of physically feasible 2001 e phys.. s oo E
. . . . . I~ *FLUKA 2008, CERN-2005-10 (2005) 7]
alternate invariant differential cross-section 0 g S
parametrizations. Transverse Momentum [GeV]
Scale up the errors given by the fit until the - .
collection of alternate parametrizations cover % ,,L e e N
the difference between the FLUKA MC and § [ Charged Current Sample ]
NA49 data. £ o2 .
o - |
Use this collection of alternate S —
parametrizations to reweight the ND and FD s | i
neutrino spectra and create a covariance g o2 .
matrix. g I i
S 04 ]
The resulting error band on the F/N ratio is o Y N e
small. Neutrino Energy [GeV]
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ND Acceptance Systematics

» Acceptance uncertainties are determined by
comparing the effect of varying cuts on data/MC at
the ND compared to the nominal cuts.

e Examined the effect of:

- Varying the fiducial volume.
- Varying the containment criteria.

- Excluding tracks ending near the join between the
calorimeter and spectrometer.

- Varying how close tracks can come to the colil hole.

* Together, these have the largest effect on our
sensitivity.

26 January 2016 Adam Aurisano
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Total Systematics

T T T T ‘ T T T T
MINOS Preliminary

N N S 021 -

2 T 1 = - CC total systematic .
— . p. —1].. . p. L - -

X = E § :(0% 62) [V ]%J (O] 6]) = 0.1~ ~
. . 7—-’_‘1_.-.____,—"'_'_'_‘_'_'_‘—__‘_'_‘_‘—-—._._ _

1=1 1=1 C B ]

J g of ]

O P g

C S N

o, = Observed events in bin i L 01 :

. . Z B ]

e. = Expected events in bin | - 02 -

E . L | L L L ! ] L ! ! ! ] ! i

V = Covariance matrix 0 10 20 30 40

Reconstructed Energy (GeV)

10? ET T T 1T T T 3 L R L =

= MINOS Preliminary 5 5 02f MINOS Preliminary .

10 — E = - NC total systematic .
S 10.56x10% POT = L 04 B
- MINOS simulation, v, running —_— = -

| ! | F i

%J 1 = — Statistics = g B B
\_"_ E + Normalization E g 0 N i
= - + Acceptance - |
E 10 1 ? +NC s:Iection E 8 ;"Jﬁf_l—‘—‘ 7
< - Total Syst . Lt 0.1 ]
107 E Z :

8 - w 02p -

10-3 AR N SN T AN TN SR TR AN TR S T R R T L L = L | L 1 L 1 ] ! ! ! ! ] ! i
0.02 0.04 0.06 0.08 0.1 0.12 0 10 20 30 40

sin’(,,) Reconstructed Energy (GeV)
26 January 2016 Adam Aurisano 19



MINOS Disappearance Limit

10—
= MINOS Preliminary Internal non-excluded
10 Jomsn2ivor region due to
T i degenerate solutions
> = MINOS data 2~ 2
el = where Am*,, ~ Am?,,
~— A
&l ;10 S MINOS data 90% C.L. 623 =~ 75/2, 624 ~ TC/4,
SERETEPPR MINOS data 95% C.L.
4 102 e Super-K 90% C.L. and 934 ~ 1/2
~ [ CDHS90%C.L.
10° & [ ccrroo%C.L.
= [ SciBooNE + MiniBooNE 90% C.L.
10-4— bl i paal TR Y
10 107 1 02 107 1
sin“(6,,)

MINOS 90% C.L. exclusion limit ranges over 6 orders of
magnitude and is the strongest constraint on v, disappearance

into v_for Am241 <1eV?
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Comparison to Appearance Results
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ICARUS 90% CL
= OPERA 90% CL

----- NOMAD 90% CL

MiniBooNE 90% CL

—— MINOS/Bugey* 90% CL

il

Ll IIIIIIII ] IAJIII| L1

* GLoBES 2012 fit with new reactor
fluxes, courtesy of P. Huber

| IIIIIII| 1 IIIIIIIl I IIIIIIII ILBLILLLLL IIIIIIII UNLBLILLLLL

10°

—

EETIT N T TIT E R R ETT] B S ST R 171 B I W R T1T] B A
oo T TN o R o MU Focdlil (o

. 2 _ 201 2
sin“20,,, = 4|Ue4| |Uu4|

il

Working with Daya Bay to produce
a MINOS/Daya Bay combined
limit.

 With MiniBooNE neutrino mode.
e Assuming the 3+1 model, an

accelerator-based
disappearance result (6,,) can

be combined with a reactor
based disappearance results

(6,,) to compare with
appearance results.

Combined MINOS with a Bugey
limit, provided by Patrick Huber,
computed with GLoBES 2012
using new reactor fluxes.

Increases tension between null
and signal results for Am2 < 1
eVz,

26 January 2016

Adam Aurisano
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Comparison to Appearance Results

102 E 1 1 IIIIII| I 1 IIII.II| .I 1 IIIIIII 1 T T I0Ins Ldl IIII E

F MINOS Preliminary =

10 - MINOS data: 10.56x10%° POT |

E Vi mode E

Q1 b [ svoso%cL { |
% o KARMEN2 90% CL 5
= 0—1 — ICARUS 90% CL —
NE ~ —— MiniBooNE 90% CL ~
< 1072 = v, mode =
= MINOS/Bugey* 90% CL if

1073 =~ * GLOBES 2012 fit with new reactor E

o fluxes, courtesy of P. Huber 3

10—4 _7I 1 Illllll_6| 1 lllllll 5] 1 IIIIlII_4l 1 Illllll—3l 1 IIlIIII 2I 1 IIlIllI 1[ Ll Ll I_l
10 10 10 10 10 10~ 10 1

. 2 o 2nihiis
sin“26,, = 4|Ue4| |Uu4|

Working on a sterile search using
MINQOS antineutrino running and
MINOS/MINOS+ antineutrino

contamination during neutrino running

* With MiniBooNE

antineutrino mode.

e Assuming the 3+1 model,

and CPT conservations,
SBL neutrino and
antineutrino oscillations are
identical.

Combined MINOS with a
Bugey limit, provided by

Patrick Huber, computed
with GLoBES 2012 using
new reactor fluxes.

Increases tension between
null and signal results for

Am2 < 1 eV,

26 January 2016 Adam Aurisano
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The Future

O KOS Prammary =
- reliminar -
- v, mode ’ g = . .
[ MINOS simulation: 10.56x10%° POT i Comparlson of MINOS+
S 10 E MiINOS+ simulation: 12x10® POT Epr
> - Full MINOS systematics . reaCh by the end Of 2016
3 1 -_ CDHS 90% CL _‘ to MINOS
™ = CCFR 90% CL E
NEv E MiniBooNE 90% CL \:
4 4 [~ === MiniBooNE+SciBooNE 90% CL 7
10 3 MINOS 90% CL IE
10'2__ ] — ' _ - J——— ,
10° 10” . D 107 1 " EMINOS+ Preliminary ]
sSIN©26 [ 6x10% POT MINOS+ |
24 ~ 105— v, mode E
> | :
Projected MINOS+ sensitivity -~ 1 E
to sterile neutrino oscillations — » g | = cmama :
. . . Q 10-15_ ] MiniBooNE+SciBooNE 90% CL —
with one year of antineutrino 3 :
running. 07| .
107 102 10" 1
sin’(20,,)
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Conclusions

» Searches for sterile neutrinos at long-baselines are complementary to
short-baseline searches.

- Test a region of parameter short-baseline searches are less sensitive to.

» Accounting for ND oscillations, improving systematic uncertainties, and
careful handling of 4-flavor degeneracies has allowed us to extend the

MINOS 90% C.L. exclusion limit over 6 orders of magnitude in Am2,,.
- Strongest constraint on v, disappearance to v, for Amz,, <1 eV2.

 Combined these results with Bugey to allow for comparison with short-
baseline appearance experiments.

- Increases the tension between signal and null results for Am2,, < 1 eVz2,
- Working with Daya Bay to produce a MINOS/Daya Bay combination as well.

« Currently working to extend these results using MINOS+ data and to
search for sterile neutrinos using antineutrinos in MINOS/MINOS+ data for
the first time.

26 January 2016 Adam Aurisano
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Thank You!

|I II |II III |III

-
[ ) |
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NC Event Selection

NC/CC event separation achieved via cuts on topological variables.

— 1 1 1 T T T T T T T T T T T T T T
150_ —— Near Detector Data
- ,=o=|:| Accepted Monte Carlo Prediction
L B < ~ CC Background
= 100—
- =
|_|>J - -~
< N - MINOS Preliminary
o
<

§w

e

0 20 40 60
Planes Crossed by Event

Discard events with length
> 47 planes

100

i

60; —— Near Detector Data _|
: L] Accepted Monte Carlo Predlctmn:
= «——| £ CC Background i
L = = I
- = MINOS Preliminary ]

!
§ﬂ
7

0 5 0 5 10 15 20
Track Extension (number of planes)

Discard events with track >
6 planes longer than the
shower

— Same selection applied to data and MC in the FD

— CC events are selected from events failing NC selection

26 January 2016
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CC Event Selection

« CC and NC events are
separated using a 4

variable KNN.

- Number of scintillator
planes in a track.

102

- Mean pulse height of all
track hits.

- Ratio of low pulse height
to high pulse height hits.

10F

v, Events / 10"" POT

T T T | T T T ‘ T T T | T T
—eo— MINOS Near Detector Data
=— Tuned MC
== Total Background

MINOS Preliminary

Low Energy Beam, v,-mode

7.36 x 10°° PoT

- Ratio of pulse height on
the track to all hits.

00

02 04 06
CC/NC Separation Variable

L
0.8
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