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Outline

e MINOS and MINOS+ overview

e New: Final Three-flavor oscillation results

— Full MINOS and MINOS+ v, and ;H beam samples

e Updated with final year of beam data
— Full MINOS and MINOS+ atmospheric samples
* Updated with final three years of atmospheric data

— MINOS v, appearance sample
e New: Search for sterile neutrinos

- v,-CC and NC disappearance

e Full MINOS beam sample
* First two years of MINOS+

— New two-detector joint fit

e Additional Beyond the Standard Model searches

e Conclusions

4 June 2018 Adam Aurisano - University of Cincinnati



MINOS and MINOS+ Overview

* MINOS and MINOS+ 7 e it Far Detector
were designed to 4 N\ dh f * Underground in Soudan mine
study neutrino k== * 735 km from target
oscillations over long Soudan q . § * 5.4 kton mass

baselines using two Duluth " 84/ ,3_,&__,;\ 5

detectors that are: MN

Lake
Richiggy Detectors are on-axis for

NuMI neutrino beam

— Iron-scintillator
tracking calorimeters _
. Madison
to contain muons O

— Functionally identical
for systematic
uncertainty reduction

— Magnetized for sign
selection and energy
estimation

Near Detector
* At Fermilab
e 1km from target
* 1 kton mass

4 June 2018 Adam Aurisano - University of Cincinnati



MINOS and MINOS+ Beam

MINOS: . Tptal NuMI protons

e ~3 GeV peak energy i
e Study oscillations at 0
atmospheric frequency

Low energy neutrinos
Low energy antineutrinos
Medium energy neutrinos

MINOS+:

o ~7 GeV peak energy

e Constrain deviations
from 3 flavor paradigm
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MINOS and MINOS+ Atmospheric Neutrinos

~ MINOS+ Preliminary
| Atmospheric Neutrinos (60.75 kt-yr)

—
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Events per live-day
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y
Full dataset (2003 — 2016): 60.8 kt-yr New:

12.1 kt-yr (~20% of total sample)
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Beam Flux Estimation: Hadron Production

e Standard analysis uses ND data
MINOS+ Preliminary

to produce extrapolated FD 120 T T
predictions 5 0F M e oaecoroma

e Improving the beam flux 22 sof- 8 Toned MG, .
estimate makes this technique 2 eof neeeSesed | B
more powerful 2 aof .
e Parameterize hadron production 201 E
for pions and translate to kaons - ‘ ' — ==
using measured pion/kaon ratios 2 ]:g
 Warp parameterization to fit ND E o_; | ] :
50

data with no focusing to isolate 0 10 20 30 40

just hadron production Reconstructed £, [Gev]
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Beam Flux Estimation: Focusing

e Hadron production and focusing effects are separable

— Apply hadron production weights from focusing off sample to sample with focusing on

— Fit for focusing effects

e Poster: Wednesday #89, A. Holin
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MINOS+ Preliminary

MINOS+ Horn On Beam
e Near Detector Dat

Untuned MC

Tuned MC.

v,-CC Selected

Hadron production
weights only

Illlllltlllllllltlﬂrlll

(o JN VI N

.1101 -
Reconstructed E, [Gev]

Data/MC i

N
o
ml-llllllllllllllllll-
o

0

—
()]
o
o

Events/10'® POT
2
S

500

— —h
(e JPN VRN N

o

MINOS+ Preliminary

vu-CC Selected

Hadron production
and focusing weights

IIII\III|IIII‘IIII|IIII
MINOS+ Horn On Beam
e Near Detector Data
Untuned MC
Tuned MC.

L1l

Illlllltllllllll{

L ] L L L L | 1 5 L I ] L L L —

010

20 30
Reconstructed E, [Gev]

40

Adam Aurisano - University of Cincinnati




Far Detector Beam Data

2000 | I [ | I I I 1 | | I T T | T T I | ]
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Reconstructed v, Energy (GeV)

« MINOS and MINOS+ probe muon-neutrino disappearance over a broad range of

energies

» Consistency with three flavor prediction tightly constrains alternate oscillations

hypotheses

Ratio to No oscillations

2 L [ ! I I I | I I
- —4— MINOS, MINOS+ data
1.8 MINOS, MINOS + combined fit

1.6 - 10.71x10% POT v,-mode MINOS
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Far Detector Atmospheric Data

4 June 2018

100;%' E,=1-3GeV - 60_"\@' E,=310GeV - 403%' E,=10-30 GeV -
8ok MINOS+ Preliminary ] - Atmospheric Neutrinos | F —e— MINOS+ data (60.75 kt-yr)]
N i 1 o " Contained-vertex A and V“ | o 30 [renenes Best f?t, rlormal higrarchy ]
= = 40 1 8 e Best fit, inverted hierarchy ]
) ) i ) 20 | —— No ospillations
Lﬁ Lﬁ Lﬁ - Cosmic-ray muons
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* Fit in bins of cos(0,.,) and energy

* Magpnetic field helps separate atmospheric neutrino and antineutrino samples for
extra mass hierarchy discrimination

» Complements beam neutrino samples
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Combined Fit Results

T T T T T 5_' LT S B ) S ) LT L S —]
3.0 60.75 kt-yr atmospheric v - 2 ;
- MINOS: v, disappearance + v, appearance - 4 —:\IOFTtaLjhri]?faFCh%/ —|Am 32| 90% C.L. Intervals
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Comparison with Other Experiments

3.0

I | I I | I I |
- MINOS, MINOS+
— combined analysis

== 68% C.L. ™90% C.L.

) MINOS+ Preliminary ]
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NOvVA 90% C.L.
Private Communication (2018)

NS 2 0f---

- Normal hierlarchy

T2K 90% C.L.
PRD 96, 092006 (2017)

IceCube 90% C.L.

PRL 120, 071801 (2018) |
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Poster: Wednesday #53, T. Carroll
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3+1 Model

Anomalous short-baseline results
consistent with new mass state and new

sterile flavor U = Up‘.l Uﬂz Uﬂg Uu4
« Expand PMNS matrix from 3x3 — 4x4 Uy Up Uz Ups
* 6 new parameters Usl Usz U53 U54

— One mass scale (Amz,,)
— Three mixing angles (0,, 0,,, 6,)
— Two CP-violating phases (9,,, 0,,)

Search in two modes

— Neutral current disappearance T o

* NC rate is insensitive to 3 flavor mixing

 Sterile neutrinos do not couple to the Z boson

* Sensitive to Am2,,, 0,,, 0, H I/S
— v, charged current disappearance m U,
* Three flavor oscillations are modulated by the = 514
higher frequency sterile oscillations m2_ m Ye

» Sensitive to Am, and 0y, M |
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4-Flavor Oscillations

Neutrino Energy (GeV) Neutrino Energy (GeV)
10° 10 1 10° 10 1
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0.6 —l =05 5 L.
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Large Am 410 1_0_ -1 _os 8
_ B = w
* Due to finite energy Zz o8 .. 2
resolution, rapid oscillations g os[- I s
O i ol {04 <
at the FD average out & ol S
* Large oscillations at the ND 0.2 2 8
B _ 0.1
0.0b 8500

1 10 10° 10°
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Oscillations at Very Large Am?

Interplay between shape and normalization gives

strong constraints even at very large Am? Independent of Am? |
Neutrino Energy (GeV) Neutrino Energy (GeV)
10° 10 1 10° 10 1
1.2 - #71.0
B j —0.9 9
1.0: T —os ;}g
P | — —
> - {1 06 @
Ti 0.6/ - 05 &
- | | Y
= B 0.4 <C
~ 0'4—_ . 0.3 j2
B i C
B i 0.1
0.0k {80 0
Rapid 102 10" 1 10 10° 10°
b L/E (km/GeV)
oscillation

regime causes

5 -« 5 Already constrained
normalization Wﬁ) ~ 1 —[sin“ 2053 @ sin A31 by near-maximal

shifts —8in2 2055 sin2 Ay mixing
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Analysis Strategy

—3
40 x10
* To handle oscillations at many scales, analysis treats =k 30
. 9]
Near and Far Detectors on equal footing Z| =
(=)

— Replace ND beam constraint from three-flavor analysis :Cj 20
with flux estimate derived from a method using only o CC
hadron production experiment data developed by o
MINERVA a :é 10

o]
* Joint fit for v, charged current and neutral current ke 8
disappearance in Near and Far Detectors TR R R T R 0

— Uses full statistical power of Near Detector, unlike the Reconstructed Energy (GeV)

Far-to-Near ratio dominated by FD statistics ED ND

* Encode correlations due to systematic uncertainties
between energy bins and detectors with a 40
covariance matrix

ND

Reconstructed Energy (GeV)

— 26 systematic uncertainties considered 0.1

* Minimize covariance-matrix-based %2 function to

allow for a high degree of cancellation of correlated 005 NC
shape uncertainties:
Q
N N - 0
2 . _1 L |
_E E o — VMV YN — . 0 10 20 30 0 10 20 30 40
XCC’N C ( ¢ ’uz)[ ]’LJ ( J K J ) Reconstructed Energy (GeV)

i=1 j=1

FD ND
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v, CC Sample

—r r 1 r 1 - 1 T —r . . 1 - - T T 1 - T 1
10— :grstéegeoigogs;-a?:gs MINOS+ Preliminary ] _  Near De:oector, v,-mode MINOS+ Preliminary ]
i 56x —  7.99x10% POT MINOS —
> 5.80x10% POT MINOS+ —+— CC Far Detector data 40 5_37:1020 POT MINOS+ —+— CC Near Detector data
> i ——— CC 3-flavour prediction _ % - — CC 3-flavour prediction |
0] —— CC 3+1-flavour prediction 0, B ——— CC 3+1-flavour prediction ]
g = [ Systematic uncertainty = 3 [ Systematic uncertainty
S - AmZ, = 0.002 eV? 7 S - AMZ, = 0.002 eV? 7
E sl sin’(,,) = 0.0001 _ kY: _ sin’(6,,) = 0.0001 -
2 r - o 2F ]
5 g - :
— [4b) = ]
> B _
i Far Detector | o 1= Near Detector J
(&) (@) B I ! f ' -
D 1.4 D 1.4 .
@) O -
T 1.2 T 12 -
w wn C =
L S
2 ke
T 0.8 T 08
m " L N N N 1 L L N N 1 N . L L 1 . . . .
20 T ) 10 20 30 40
Reconstructed Energy (GeV) Reconstructed Energy (GeV)

e Covariance matrix fits do not include systematics as nuisance parameters

* The error bands and prediction account for off-diagonal elements to
indicate the equivalent of post-fit agreement
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NC Sample

Events (x10%) / GeV

Ratio to Std. Osc

4 June 2018

o 10

T T T I T T T
Far Detector, v,-mode
10.56x10% POT MINOS

6— 5.80x10® POT MINOS+

MINOS+ Preliminary |

—+— NC Far Detector data —|
—— NC 3-flavour prediction _|
——— NC 3+1-flavour prediction _|
[ Systematic uncertainty

AmZ, = 0.002 eV? —
sin(8,,) = 0.0001 .

Far Detector -

20 30 40

Reconstructed Energy (GeV)

Events (x10°%) / GeV

Ratio to Std. Osc

| Near Detector, v,-mode

7.99x10%° POT MINOS
5.87x10%° POT MINOS+

— 1 . T - T T T ]
MINOS+ Preliminary
—+— NC Near Detector data
——— NC 3-flavour prediction

—— NG 3+1-flavour prediction |
[ Systematic uncertainty __|

AmZ, = 0.002 eV?
sir’(6,,) = 0.0001

Near Detector |

20 30 40

Reconstructed Energy (GeV)

e Covariance matrix fits do not include systematics as nuisance parameters

* The error bands and prediction account for off-diagonal elements to
indicate the equivalent of post-fit agreement
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Sterile Disappearance Limit

3

° Use full NC and CC Samples in both 10 ;IIII' | | ||||||| I T TTTH I |I||||| 1 1 IIIIHE'
= 10.56x10%° POT MINOS .
detectors | 5.80x10%° POT MINOS+ i
) 1 02 __ v, mode —
* Fit for 0,;, 0,,, 654, Am2;,, and Am2,, - E
* Fix 0,3, 0,4, 0,4, and 0,, to zero 10 B N
* Median sensitivity from Feldman- % IIL/I”\:OS-F §
Cousins corrected 90% CL contours from C\;“ - reliminary .
pseudo-experiments O L3 E
* Best fit: NT | - ]
- Amz,, = 2.33x103 V2 g 10 _ —
- sin20,, = 1.1x10* 5 - :
10°F =
- 0., <8.4x10°7 z -
- sin220,, = 0.92 4l 7
107 E  —MINOS & MINOS+ data 90% C.L. E
- szin/d0f= 99.3/140 = 3
- [E§90% C.L. Sensitivity (1o and 2o) ]

- X2(4V)_X«2(3V)=0'01 10—4 ||||| 1 | | I|I||| | | | |||||| | | | IIIIII 1

4 -3 2 1
10 10 10 10 1
- 2
sin“(0,,)
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Sterile Disappearance Limit

1035 ! IIIIIIII I LA I L I IIIIIIE
* MINOS and MINOS+90% C.L. eXCIUSion E 10.56x10%° POT MINOS E
limit over 7 orders of magnitude in Amz2,, 0 B 3;18[?1’;11220 POT MINOS+ N
* Improvement at large Amz,; over - :
previous MINOS result due to: 10 B
— Near Detector statistical power -
L L . Qo -
- Sensitivity to normalization shifts > =
. S ) =
— Improved binning around atmospheric dip ~ -
in Far Detector AL~ i
. . . E 10 I L
* Increased tension with global best fit < —MINOS & MINOS+

data 90% C.L.
— Displayed here with |U_,|>= 0.023 — — MINOS 90% C.L.
play | e4| 10 2 — lceCube 90% C.L.
— Super-K 90% C.L.
CDHS 90% C.L.

!

 Final year of data is still to be analyzed

* Poster: Monday #140, A. Aurisano 102 | CCFR90%C.L. —
— [ SciBooNE + MiniBooNE 90% C.L. =

* Posted to arXiv:1710.06488 and - MiGariazzo et al. (2016) 90% C.L. ]
Submitted tO PRL 10—4 Lol Lol Lol RN BT

107 107° 107 107" 1

— See arXiv paper and ancillary materials for

¢ 2
more details sSin (824)

'S. Gariazzo, C. Giunti, M. Laveder, Y.F. Li,
E.M. Zavanin, J.Phys.G43, 033001 (2016)
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Additional Beyond the Standard Model

Searches

New: Large Extra Dimensions In progress: Sterile-driven v_appearance

Poster: Wednesday #52, S. De Rijck Poster Wednesday #62, G. Pawolskl

1 il S e (S PSR TS CEed S EESE Ve o s :: " MINOS+ F’REL\MINARY :
5 H s 5.77x10°° POT v Mode _
Feldman-Cousins 90% C.L. J 04 |5 f MINOS+Exduded e Saminity 60% OL. —
Medi i B k 6-12 GeV, 0.6-1.0 LEM PID |
— Data — Vedan 7 H 8.gr By By Profiled |
sensitivity K Selected _\mﬂ Values ]
fi ] 03 = — 0,50 eV MINOS+ —
ki . 1o I:I 2c i = BOYN . e 050 zg“ LSND Signal -
CC + NC nﬁ _2:. 0.15 eV LSND Signal i
. excluded region : b 2[R -
o= 9 Two-detector fit 3 s 8 T o
S - MINOS/MINOS+ - B .. fiinsassasatasey
> [ il RIS . =
g 16365 107 POT 3 B OV .
5 Normal ordering T R G e e s banuiadh s i s
S | 2| N IR i e el i e & &4 A A C £ 4 O ECE T
v, mode 0.0 : 04 05
10°E E
. MINOS+ i
preliminary
1 0—3 L 1 I | | | ! L !
0 0.2 0.4 0.6 0.8

R (um)

In progress: Sterile-driven v
T

appearance at the MINOS Near Detector
Poster: Monday #143, K. Grzelak

. 2
sin“20,,;
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Conclusions

2: —+ MINOS, MINOS+ data I|:|&Ilr| Detel:tor -
1.8 MINOS, MINOS+ combined fit E
 MINOS/MINOS+ has improved D 1BE 1 71110% POT v -mode MINGS -
its standard oscillation S 140 33610 ﬁgwxgz MINOS 3
measurement using the full 5120 ” + ! =
sample of beam and o 14 ¥ M
atmospheric neutrinos E 0.8%’ -
— Results are competitive with '% 0'65_ MINOS+ Preliminary E
running experiments o 0.4- E
— Measured Amz,, to 3.5% Oﬁ_ o oo E
. . 0 5 10 15 20 30 50
e Using a new two-detector fit Reconstructed v, Energy (GeV)
technique, MINOS+ sets leading e Over 11 years of running,
limits on sterile neutrino MINOS/MINOS+ has collected a large
mixing, especially in the critical dataset over a broad energy range

_ 2 regj
1-10 eV* region * The high resolution mapping of the first

atmospheric maximum provides strong
support for the three-flavor paradigm
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Event Topologies
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Selecting NC and v

CC Samples

Neutral current selection

 Selection based on topological quantities

— Require compact events

— No long tracks extending out of the hadronic
shower

* 89% efficiency and 61% purity at FD
* Primary background is inelastic v, CC

* 97% of v, CC pass selection

v, charged current selection

* Use 4 variable kNN designed to
distinguish muon from pion tracks

e Applied to events failing NC
selection

» 86% efficiency, 99% purity at the FD

- - 1~ - 1
g0 MINOS Preliminary _
: —+— MINOS NC-like Near Detector data :
..g 60 __ ———— Three-flavour simulation __
Q) - - Systematic uncertainty -
Lﬁ i - v, CC background :
< 40 - Beam v, background __
o i
~ Low energy beam, v,-mode ]
20 7.99 x 10 POT .
% 5 10 15 20
Reconstructed Visible Energy (GeV)
= —71 r 1 1 =
1201~ MINOS Preliminary ]
1 00 " —+— MINOS CC-like Near Detector data ]
72} B i
r— K e Three-flavour simulation ]
T 8ofF E
> = - Systematic uncertainty .
‘!I'-CI;I 60 :_ - NC background _:
— 40 N Low energy beam, v,-mode ~
B 7.99 x 10°° POT ]
20 ]
L L L L L L . L | L L L L
% 5 10 15 20

Reconstructed Neutrino Energy (GeV)
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Atmospheric data and fit

L L
MINOS+ Preliminary |
—> Total Prediction 3
MC Atmos v

—— Data (60.75 kt-yr) |
:
1

4 + + .
.
5 1.5 2
(m)

Az

@ Two techniques used to identify atmospheric 10°
neutrinos in the Far Detector.

1) Contained-vertex events:

— Apply series of containment requirements
on reconstructed tracks and showers to
reduce cosmic-ray backgrounds.

- Far Detector is equipped with a scintillator 1
veto shield, which tags cosmic-ray muons
with 96% efficiency.

T T T | T T T T | T T T T ‘ T T
: . g [ MINOS+ Preliminary
2) Upward and horizontal muons: 10 gEAtmospheric Neutrinos (60.75 kt-yr)

o

— Far Detector has a timing resolution of 2.5ns. 1025
— Can identify neutrino-induced upward and w1053
horizontal muons using timing information. 5184

> =

- Soudan mine has a uniform rock overburden, L
enabling events to be identified above the
horizon (cos6,,.,<0.05).

10°
107
10}
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Atmospheric data and fit

€ Selected atmospheric neutrinos are categorised based on event topology:

Event Classification m No oscillations m

Contained-vertex showers 1123 1248 1134
Contained-vertex muons 1399 1923 1379
Non-fiducial muons 736 924 737
Total events 3258 4095 3250
15 ~ MINOS+ Preliminary | ElMINC)IS+I Prlelirlnir';arylf Al selected events .
. Atmospheric Neutrinos (60.75 kt-yr) ™" Mean event rate | 250 No Oscillations
. B —— MINOS+ Best Fit ]
i 200 :_ I Cosmic Ray -

|
Wi Mﬂﬁ#ﬂﬂ' :

——— August 2003 - January 2014 (48.67 kt-yr)
——e— February 2014 - June 2016 (12.08 kt-yr)
| | 1 | L 1 1 | 1 1 1 | 1 1 1 | _
» © & & © 0 N a9 9 X » 0o 0 10 20 30
Q Q Q N S N N N N N N N
W) W) W) Q W) Q Q QO QO Q QO Q "
PP P PP 'B P PP PP D Vertex Z position (m)
e

%
fﬁ

—e— Data (60.75 kt-yr) -

|

|

i

iy |

f ﬂ

P

Events per live-day
& o
'l_'-'_l_!ﬂ; 17

o
o
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Atmospheric data and fit

1.0

[ Contaneaverex muons
¢ Timing information is used to r MINOS+ Preliminary
select “high resolution” sample 199} )
of events with well-measured @ gof + 1
muon propagation direction. § ol +
: ITihagy E
- 950 contained-vertex muons i
and all 736 non-fiducial muons ~ *°f 44T+ ;
pass this selection. 20 7
— Can reconstruct zenith angle T —Og-d
and L/E for these events. cos 6,

@ Plots on right show zenith angle  140[ Contained-vertex muons |
and L/E distributions of selected 12 MINOS+ Preliminary 1
high-resolution events. Jooh ]

_ . . : o |
Clear oscillation signature! £ sof + ]
LI>J 60'_ ]
40| .
20l H ]
i o ]
T 2 3

6/4/18

Iogm( L[km]/ E[GeV])

Events

T T T | T T T
i Non-fiducial muons
120 N
i No Oscillations
100 ——— MINQS+ Best Fit |
. I Cosmic Ray
80 —=— Data (60.75 kt-yr) ]
60 *
40 + + + S
201 .
O 1 1 | 1 I I 1 | ]
-1.0 -0.5 0.0
cos 0,
_I T ‘ T 17T | T T 17T | T 17T | T T T 7 ‘ T \_
140: Non-fiducial muons
120 No Oscillations
[ ——— MINOS+ Best Fit
100/- I Cosmic Ray ]
» —e— Data (60.75 kt-yr)
T 80 -
g |
L 60 ]

40}
201

ol

4

T
log, ( LIkm] / E [GeV] )

OHH1HH2HI



Atmospheric data and fit

€ Neutrinos and antineutrinos are separated based on muon charge sign, which is
reconstructed using curvature of final-state muon tracks.

| selected vu | Selected anti-w

Contained-vertex muons

Non-fiducial muons 239 143 382

Total 813 398 1211
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€ In the MINOS+ oscillation analysis, atmospheric neutrino data are binned as a
function of reconstructed energy and zenith angle.

— Sensitivity to Am?;, and sin?0,; is complementary with accelerator data.

— Additional limited sensitivity to mass hierarchy in MSW resonance region.
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Atmospheric data and fit

€ Results of oscillation fit to MINOS/MINOS+ atmospheric neutrino data:
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Flux Estimation: Hadron Production

Hadron Production MINOS+ Flugg08 Pi+
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Flux Estimation: Hadron Production

pT Versus pZ of Hadron Parents Exiting the NuMI Target for Neutrinos Selected in the MINOS Near Detector
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Flux Estimation: Hadron Production
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Flux Estimation: Hadron Production

4 June 2018
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Beam Flux Estimation: Hadron Production

Antineutrinos — Horn-off
e ND data provides a powerful MINOS+ Preliminary

° 40_| L ‘ L | L | L | L I_
constraint on beam flux Y MINOS+ Horn Off Beam |
. . O 30 - e Near Detector Data
e Use samples with focusing g 30f Untuned MC |
: = i Tuned MC. i
horns off to isolate hadron e F 7-CC Selected -
. @B i ]
production c | ]
. .. . O 4ol -
e Fit empirical pion hadron ; 1
production parameters for P A B e« B
neutrinos and antineutrinos o 14}
S 12}
e Transfer weights to kaons g ool
. . D - :
using measured pion/kaon :
ratios Reconstructed E, [GeV]

4 June 2018 Adam Aurisano - University of Cincinnati



Beam Flux Estimation: Focusing

e Apply hadron production weights to sample with focusing on
 Fit for focusing effects

e Poster: Wed. # 89, A. Holin
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Systematics: Hadron Production - CC

- MINOS+ Preliminary
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Systematics: Hadron Production - NC

- MINOS+ Preliminary
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Systematics: Cross Sections - CC

 MINOS+ Preliminary
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Systematics: Cross Sections - NC
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Systematics: Energy Scale - CC
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 MINOS+ Preliminary
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Systematics: Energy Scale - NC
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Systematics: Beam Optics - CC

4 June 2018

Fractional Uncertainty at Far Detector

Fractional Uncertainty at Far Detector

0.1

0.05

| MINOS+ Preliminary

| v, CC Beam Optics Systematic 1o Shifts
 Medium & Low Energy Beam

% 10 20 30 40
Reconstructed Eneray (GeV)
0_17 T T T T | T T T T | T T T T ‘ T T T T ]
. MINOS+ Preliminary _
" v, CC Beam Optics Systematic 15 Shifts

0.08~ Medium & Low Energy Beam B
0.06 -
0.04 —
0.02 —
0 ' — |

0 10 20 30 40

Reconstructed Energy (GeV)

Fractional Uncertainty at Near Detector

Fractional Uncertainty at Near Detector

0.1

0.05

Total
HornlMiscal ME
HornIDist ME

Horn1offset ME

HornIMiscal LE

HornlDist LE

Horn1offset LE |

e

30

10 20
Reconstructed Eneray (GeV)

0 - 1 I T T T T | T T T T | T T T T ‘ T T T T ]

r Total Beam Position
0.08+ Target Position Beam Width ~ —|
: Material Error :
0.06- —
0.04- —
0.02- —
- 1 | | 1 | 1 | 1 I |

00 10 20 30

Reconstructed Energy (GeV)

Adam Aurisano - University of Cincinnati



Systematics: Beam Optics - NC
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Systematics: Acceptance
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Oscillations at Very Large Am?
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Degeneracies

P(v, = v,) =1 —4|U|" (1 = |Uu|* — |Upual?) sin® Ay
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Sensitivity: Shape vs. Normalization
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Sensitivity: CC vs. NC
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Comparison to MiniBooNE’s Best Fit:

CC Sample

New MiniBooNE paper — arXiv:1805.12028

Best fit: Am? =0.041 eV? and sin226Me = 0.958
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Comparison to MiniBooNE’s Best Fit:

CC Sample

Three-flavor Oscillations
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Comparison to MiniBooNE’s Best Fit:

NC Sample

New MiniBooNE paper — arXiv:1805.12028
Best fit: Am?®=0.041eV?and sin’26 = 0.958
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Comparison to MiniBooNE’s Best Fit:

NC Sample

Three-flavor Oscillations

MiniBooNE’s Best Fit
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Comparison to MiniBooNE: MINOS/Daya

Bay/Bugey Combination
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Consistency with Three Flavor Oscillations
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Inadequacy of the Asimov Sensitivity
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