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e Oscillations into light sterile neutrinos may explain anomalies
in short-baseline, reactor and radiochemical experiments.

e However, the evidence remains inconclusive due to tension
between appearance and disappearance measurements

e The MINOS long-baseline experiment offers a complementary
probe of sterile neutrino mixing using v, disappearance.

V., appearance v, disappearance
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The NuMI Accelerator Beam

‘Neutrinos from the Main Injector’
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e Operating at Fermilab since 2005.
e Data in both v, and anti-v, modes.

e Analysis described in this talk is
based on exposure of 10.56x1020
protons on target (POT) using
“low energy” v, mode.

e Beam has now begun operating in
“medium-energy” v, mode.
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The MINOS Detectors

Near Detector Far Detector
(1 kton, 1km from source) (5 4 kton 735 km from source)

e Functionally similar detectors (steel/scintillator, magnetic field).

e Measure flavour composition and energy spectrum in each detector.
¢ Can separate v, CC, anti-v, CC, v, CC, and NC interactions.

e Measure oscillations by combining information from two detectors.
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Neutrino Oscillations
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e MINOS has published measurements
of standard oscillation parameters
Am?2;,, 0,5, 05!

v, disappearance (PRL 110, 251801, 2013)
V,—V, appearance (PRL 110, 171801, 2013)
Combined analysis (PRL 112, 191801, 2014)

2.0 [{MINOS v, disappearance + v, appearance |
& -| | Neutrino beam (10.71x 10%° POT) i
O i contained-vertex v, :
S 1.5 ——MINOS data .
g - — Best fit oscillations ’
S ol P 1
O 1.0 ] . _.__l__- IL'
Z B — | -
e | ]
'-g 0.5 i 7
m - -
m | -

00 ‘ [ T T T T T T N T [ R T N N S N ]

o 2 4 6 8 10 12

Reconstructed v, Energy (GeV)

Andy Blake, Cambridge University

MINQOS Sterile Neutrinos, Slide 6



Sterile Neutrinos

e« The MINOS disappearance data V
have now been analysed using
3 + 1 model of sterile neutrinos:

¢ 3 active flavours (v, v, v,).

¢ Add 1 sterile flavour (v.)
and 1 extra mass state (v,).

[0 4 x 4 neutrino mixing matrix.
e Neutrino mixing parameters:

Standard 3-flavour parameters: V3
& Am2,,, Am?2,,
O 0,5, 055, 0,5, 345 "/2
Additional 4-flavour parameters: rvl
O Am2,,
O 0.4, 0,54 054, 04y Oy Vv
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Am
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Amsz,

Am
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| Sterile Neutrino Signatures

e Main sterile neutrino signatures in MINOS:
¢ v, CC spectrum: search for additional oscillations due to presence
of third mass splitting Am?,;.
¢ NC spectrum: search for deficit caused by v,—v, disappearance,
since NC interaction couples to active and not sterile flavours.
e Mixing parameters and main constraints: [standard, sterile]

Am-2.,, 6 :

e e } MINOS v, disappearance (v, CC spectrum)
AI’T1243l e24
0,, MINOS v —v, disappearance (NC spectrum)
0,, External reactor data (Bugey)
sin?0,,=0.024
Am2,,=7.,59%x10-5eV? Fix parameters (external data)
sin?0,,=0.32
0,37 O14s 0,4, = 0 Fix to zero (little sensitivity)
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Sterile Neutrino Signatures
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| Far Detector CC and NC

e Select CC and NC events
based on topology.

e Far Detector neutrinos:
O 2721 v, CC events

O 1221 NC events

(Right plots show comparisons
with three-flavour predictions).

e Focus on NC event rates:

Predicted CC
_ Naata — ) Boc «~—

background
SNC ——_ Predicted NC
inferaction signal

from all flavors

R

0-200 GeV: R = 1.049 + 0.076
0-3 GeV: R = 1.093 4+ 0.097

e No evidence for NC deficit.

Spectra
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Oscillation Analysis

e Fit the observed FD/ND ratios.

ISR AR A I L L B
L MINOS Prellmlnary —e— MINOS data
1 AmZ, = 2.41 x10° eV?

MC prediction

Da ta Sa m D I es : 0.8 :_ sin2(2923) =0.95 (0,5 < 45°) Systematic Uncertainty ]
’ O Aam2, =759 x10° eV? _:
¢ Use both CC and NC spectra P07 JrJ__Jr 1 -

in this analysis [shown right].
0.4

Uy
_|_

T

T

Oscillation parameters:
O Fit |Am?,,|, |Am2,,], 6,5, 6,,, 6.,.
(fix all other parameters).

i
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Far / Near Ratio (x10°)

SF
N

Systematic parameters:

BRI AR RN LS B
| MINOS Preliminary —e— minos data

¢ Incorporate systematics into | A —r e __
analysis via covariance matrix. [ jfng‘szgfs;"x'j’j_s‘e:@:“5) Systematio fncerainty 1
¢ Apply an additional constraint 0.4:_13:90 | J( ]
on the overall ND event rate. { | = :F_
e ——

Far / Near Ratio (x10®)

o
o N
T T T [ T[T
g

Confidence limits: H NC

¢ Use Feldman-Cousins procedure "

to correct likelihood surfaces. 01 2 8 4 5 10 15 20 30 40
Reconstructed Energy (GeV)
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Systematic Uncertainties

e 26 systematic uncertainties:

¢ Hadron production, beam optics,
cross-sections, detector effects.

. Incorporate into x2 function:

Z Z — ) [V ij(05 — €;)

1=1 5=1

0; : Observed events in bin ¢

: e Covariance matrix
e; . Predicted events in bin ¢
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| MINOS v, Disappearance Limits

102 E 1 1 1 1 1 LI I |
= MINOS Preliminary
T0E™ 10.56x10%® POT MINOS
N> - v, running
D N
(4p) —
C\IE<r - MINOS data 90% C.L. i
4 10" = CDHS 90% C.L. =
- CCFR 90% C.L. :
102 [ sciBooNE + MiniBooNE 90% C.L( =
: 1 L 1 L L L_1_1 I L 1 1 1 L L_1_1 L I:
10° 10 0 1

1
- 2

sin“(20,,)

e MINOS confidence limits on Am?,; cover four orders of magnitude.

e Strongest constraint on v, —v, disappearance for Am?,; < 1 eV2,
Currently analysing 3.4x102° POT data collected in antineutrino mode.
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Comparison with v, Appearance

o« Combine v, disappearance results
from MINOS with v, disappearance
from Bugey reactor experiment.

¢ MINOS: 90% C.L. on 6,,
¢ Bugey: 90% C.L. on 6,,*

¢ Construct combined limit on
Sin220,.=sin220,, sinZ0,,.
* Bugey limits computed by Patrick Huber

using GLOBES 2012 and new reactor fluxes.

e Right: comparison of combined

limits from MINOS & Bugey
with appearance results from
MiniBooNE (neutrino-mode),
LSND, ICARUS and OPERA.

e The MINOS data increase tension
between sterile neutrino results

for Am?,; < 1 eV?2,

107 7 406 40D 44 143 4102 40T
10" 10™ 10° 10™ 10” 10° 10 1

10

2

IIIIIII| | IIIIIB
E MINOS Preliminary
: v, mode

MINOS data: 10.56x10%° POT

- [Jusno 90% cL

- [LsnD 99% cL
ICARUS 90% CL**

— OPERA 90% CL

— MiniBooNE 90% CL

— MiniBooNE 99% CL
— MINOS/Bugey* 90% CL

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

**From arXiv/1307 4699

. _ 2 2
sin’20,,, = 4/U_f|U |
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First Results from MINOS+

800

e The MINOS+ experiment began
operating in September 2013

¢ Operate the MINOS detectors
in the upgraded NuMI beam.

¢ Higher-energy beam spectrum,
with increased beam power.

e Wide-band spectrum enables
precision measurements of
oscillation probability curves.

& Measure standard oscillations
with increased precision.

¢ Continue searching for new
physics e.g. sterile neutrinos.

e First results released last month,
based on 1.7x102° POT exposure.

¢ Observe 1085 v, CC events.

Events / GeV

600

400

200

T

,,,,,,,,

[ I T T I ‘ TTT | TTTT I |
—— MINOS, MINOS+ Far Detector Data
—— Prediction, No Oscillations

— Prediction, Am?=2.37x10"° eV?
Uncertainty (oscillated)

10.56 x10*° POT v,-mode MINOS |
3.36 x10% POTV, mode MINOS |
1.68 x10%° POT v,-mode MINOS+]

MINOS+ Preliminary

LA Toets e l111;|:|01"'

S} 10 15 20 30 50

Reconstructed v, Energy (GeV)

Above: combined spectrum from
MINOS & MINOS+.

Enables precision measurement
of v, survival probability curve.
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Future Prospects for MINOS+

Antineutrino mode

Neutrino mode

102 E T T T T T I.I III T 1 II
F MINOS+ Preliminary 3
[ Vu mode ]
MINOS simulation: 10.56x10%° POT
&~ 10F MNoss simuiation: 12:10% POT T«
> - Full MINOS systematics . >
o - CDHS 90% CL = o
p —
™ 1 = CCFR 90% CL = P
A<t = o J o<
E - MiniBooNE 90% CL - |E
[~ s MiniBooNE+SciBooNE 90% CL 7]
< 10 4 =
E —— MINOS 90% CL 3
- —— MINOS+90% CL ]
10-2 1 1 1 1 L1 1.1 I 1 1 1 1 1 L.l
10° 102 10 1
: 2
sin“20
24

Projected MINOS+ sensitivity by 2016
compared to short-baseline experiments.

e Also investigating MINOS+ sensitivity to anomalous v, appearance

102 E T 1} T 1} T T H T T i
EMINOS+ Preliminary 3
6x10%° POT MINOS+ ]
10 v, mode -
1 3
- MINOS*+ 90% CL sensitivity 3
- [ ] CCFR90% CL i
10" [ ] MiniBooNE+SciBaoNE 90% CL -
107 | —
— L1 L I TR =
10° 107 o i 10" 1

sin“(26,,)

Projected MINOS+ sensitivity from

1 year of antineutrino running.

above energy of v,—v, maximum at 735 km.
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[ summay

e MINOS long-baseline experiment has completed a search
for sterile neutrinos by measuring v, disappearance.

¢ No evidence for sterile neutrino oscillations in Vv, mode.

¢ Confidence limits span four orders of magnitude in Am?2,..
Provides strongest constraints on v, —v, disappearance
for Am?,; < 1 eV>.

¢ Currently analysing MINOS data collected in anti-v, mode.

e Combination of MINOS and Bugey reactor data yields
strong confidence limits on sterile neutrino mixing.

¢ Increases tension in sterile neutrino data for Am?,; < 1 eV2.

e The MINOS+ experiment offers improved sensitivity to
sterile neutrino mixing.

O MINOS+ has released its first spectrum and sensitivities.
¢ As well as providing high-statistics v, disappearance data,
also investigating sensitivity to anomalous v, appearance.
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Oscillation Analysis



Far/Near Ratio

e The oscillation analysis is based on the observed Far/Near ratio,
binned as a function of reconstructed energy:

Cs\ _'"'I""I""I"':I"."I""I""I""I L B Cfﬁ-\ _'"'I""I""I"':I"_"I""I'"'I""I L
) - MINOS Preliminary —e— minos data - O o6k MINOS Preliminary —e— minos data _|
">_< 1 Am2, = 2.41 x10° eV? MC prediction . ">_< L Am2, = 2.41 x10° eV? —— MC prediction .
~ [ 5in%(26,,,) = 0.95 (6,, < 45°) Systematic Uncertainty i ~ - sin?(20,,) = 0.95 (6,, < 45°) Systematic Uncertainty =
__'C:) 0-8__Am§1=7.59 x10° eV? ] i®) - AMZ, = 7.59 x10° eV2 ]
© [ 0,=9° _|_ _I_ _|_~|~+ ’ © 04 6,=9° —
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(Calculate separate F/N ratios for CC and NC events).

o Advantages of fitting F/N ratio:
¢ Enables oscillations from either detector to be incorporated into fit.
¢ Exploits approximate cancellation of systematic uncertainties in ratio.



Oscillation Fit

e The oscillation fit uses the following chi-squared statistic:

=53 (01— )TV (05 — )

i=1 j=1
0; : Observed events in bin i

s e V' : Covariance matrix
e; : Predicted events in bin 1

¢ The covariance matrix V combines both the statistical and
systematic uncertainties [see next slide].

¢ An additional penalty term, (O,y,-E\p)?/0\%, IS appended to
the x2 function, where O, (E,;) is the observed (predicted)
total ND rate, and o, is the uncertainty on E,; (0,,=50%).

¢ The binning scheme is chosen such that E,;, > 15 events
in every bin (for the case of three-flavour oscillations).

e This chi-squared statistic is minimised as a function of the
five oscillation parameters Am?,;, Am?2,,, 6,5, 6,,, 0,.



at the MINOS Far Detector

Fractienal Error

Covariance Matrix

e Covariance matrix is given by: V

Far Detector Uncertalnty

MINOS Prehmmary
Low Energy Beam, v,-mode

Charged Current Sample

10 2‘0 SID
Neutrino Energy [GeV]

at the MINOS Near Detector

Fractional Error

o2
MCy e

stats
¢ The two terms in the sum represent the total statistical and systematic
uncertainty in the predicted F/N ratio.

¢ The second term is generated by calculating the bin-to-bin covariances
for each systematic effect, and then summing over all the systematics.

¢ The bin-to-bin covariances are calculated using uncertainty envelopes
in the F/N ratio, which are obtained by varying the Near and Far
simulations according to the 10 uncertainties.

Near Detector Uncertalnty

MINOS Pre\lmmary
Low Energy Beam, v,-mode

Charged Current Sample

Neutrino Energy [GeV]

the MIMNOS Far/Mear Ratio

Fractional Error on

0.4

o2

04

systematics

Ear/Negr Ra’gio

0.2

[ MINOS Preliminary
[ Low Energy Beam, v, -mode

- Charged Current Sample

Hadroproduction

i—-—-*——_——:

M PSR S S T
0 10 20 30

Neutrino Energy [GeV]

40



Systematics

e Beam Systematics:
¢ Hadroproduction
¢ Beam optics

10.56x10°" POT MINOS data
v, running

Statistics only —
=== Mormalization only

= Accepilance only

e Detector Effects:
¢ Fiducial Volumes
& Acceptances

= NG selection only =

— Other only

Toetal Systematics

o L L i ] L L L L | i L L i
01 0.2 0.3 0.4

¢ Event Selection sin?(26,,)
¢ Energy Scales N —
o Backgrounds E MINOS Preliminary
10

e Cross-sections: % :r.uﬂ-riimr?:)POTMlNOSdata
¢ Overall cross-section ~ 1F T sy
¢ Resonance-DIS transition E | —

. 10 + NC Selection
¢ Resonance axial mass : Totol Systamatics
¢ CC QE axial mass 102} | |

01 0z 03 04

sin°(26,,)



v, Disappearance Results

10° 1P -
E MINOS Preliminary E MINOS Preliminary E
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5 1 107 10" 1
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Comparison with v, Appearance

e By applying unitarity constraints, can combine experimental results
on v, disappearance (MINOS) and v, disappearance (reactor data)

to place constraints on MiniBooNE and LSND appearance signal.

10 E AL B LA B LLLL B | g
~ v mode -
[ [_Jtsnpoo%cL ]
10 & LSND 99% CL —
& = ICARUS 90% CL* 3
> E OPERA 90% CL E
3 1L MiniBooNE 90% CL _
C\IE S MiniBooNE 99% CL E
<1 [ MiniBooNE T
107 E PRL 110, 161801 (2013) €
[~ "From arXiv/1307.4699 <

1072 ol

L1 ol L ol Ll L L ar L ol L
107 10° 10° 10* 10° 102 10° 1

sin“20,, = 4lU_FIU I°
e4d u4
|Ues|? = sin6,

U, [? = cos?0,,sin?0,,
0 sin?26,, = sin?20,,5sin20,,

sin226,, = 4|U.,|2|U |2



Combination with Bugey

courtesy of Patrick Huber

10’ )
0 0 , Bugey 3
ILL fluxes S S 2parameter fit
——==_——>  90% CL 2dof
I —
100 i o o &—1\_‘_"-

Am® [eV?]
oy
c

Q
()
<

1071 4 /7~ new fluxes

1072 GLOBES 2012

1072 107" 10°

SIN“20.e
Bugey likelihood surface computed using
GLoBES 2012 and new reactor fluxes

Am? vs sin220,,
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10'EE

MINOS Preliminary

10.56x10% POT MINOS
v, running

[ ] miNOS data 0% C.L.

[ cons oo cL.
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| I

107

10 10

sin°(26,,)
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Combination with Bugey

107 ™ B ] )
E MINOS Preliminary 1 e The Bugey x? surface is a function
- v, mode i :
| MINOS data: 10.56x10% POT N of Am? and sin220,,.
S 1D§ [Jisno soss oL 3
A 1 e The MINOS 2 surface is a function
o 1E —oremsma E of Am? and sin226,,.
{Ej P : (corrected using FC procedure).
10" = — MINOS/Bugey” 20% CL
- * GLoses 202tk i new reator e Can calculate a combined surface
S I _ - in Am? vs sin220 . = sin?26,, sin?0,,.
107 10° 152-5 10*  10° 2m'2 210'1 1
sin“20,. = 4|U [|U
e =4U_FIU |
Method:

¢ For a given Am?, consider all combinations of MINOS and Bugey
points and calculate sin226,, and summed x? for each combination.

¢ Each value of sin?26 . can occur at different sin226,, and sin226,,,
so the summed x? values are not a unique function of sin?26,..

¢ Combined limit is taken to be the largest value of sin?28 . within
the specified confidence interval (e.g. Ax?<4.61).
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Comparison with v, Appearance

Monte Carlo Simulation

MINOS Preliminary

v, mode

MINOS simulation: 10.56x10°" POT
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= MiniBooME 9076 CL

= MiniBooME 9276 CL
= MINOS/Bugey® 20% CL
* GLoBES 201 2 fit with naw reactor

fluxes, couresy of P. Huber
**From arXiv/1307 4699
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Observed Data
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107

MINOS Preliminary

v, mode

MINOS data: 10.56x10° POT
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L1 LiillH

= OPERA 907% CL
== MiniBooMNE 20% CL

= MiniBooME 227% CL
= MINOS/Bugey® 20% CL

* GLoBES 201 2 fit with naw reactor
fluxes, courtesy of P. Hubear

**From arXiv/1 307 4609
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Comparison with v, Appearance
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Comparison with neutrino results

E MINOS Preliminary &
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" == MiniBooME 955 CL

- — MINDS/Bugey® 90% CL

- - GLoBES 201 2 fit with naw reactor

B fluxes, courtesy of P. Huber
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Comparison with antineutrino results

T 1 |||||I'|

* GLoBES 201 2 fit with new reactor

**Fram ar¥ivi1307.4599

MINOS Preliminary
MINOS data: 10.56x10™ POT
¥, moda

[ LsmD g0 CL
[ LsMD 9e: CL

KARMENZ 90%: CL
ICARUS a0 GL*

MiniBooME 207 CL
MiniBooME 9% CL

v, moda

L1 IIIII|l

MINCS/Bugey® 90% CL

fluxes, couresy of P. Hubar
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Future Prospects: MINOS+

MINOS+ Preliminary

T |||||I'I'|

v, mode

T l||ul'l'|

Full MINOS systematics

[CJLsMD 805 CL
B LSMD 99% CL
ICARLS 907 CGL**
— OPERA 80% CL
= linlBooNE 302 CL
= lMiniBooME 233% CL
— MINOS/Bugey® 20% CL
= MINCS+/Bugay® 902: CL

T 1 |||||I'|

fluxas, courtesy of P. Hubar
**From arXiv/1307 4899

* GLoBES 201 2 fit with new reactor

MINOS simulation. 10.56%10 POT
MINOS+ simulation, 12x10™ POT
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. 2 _ 2 2
sin“20,,, = 4|UE4| |Uu4|

Potential improvements:

Improved systematic uncertainties, improved fitting techniques,

inclusion of reactor data from other experiments.




Production and Detection
of Neutrinos



The NuMI Beam

Target Service — MINOS
Building "
~Main Injector Building—— ||
protons —

% AT
N & _l' -

To Soudan,
Service |

- - - - — — . _ h—
¥

Carrier_ . : N e |
Tunnel "' AT~ [ ."1 , N
Target Hall Beam Absorber —/ Minos Hall \Y)

The NuMI beam Muon Detectors — Minos Near
(“Neutrinos at the Main Injector”) Detector

- ---=-15km——--~- A

e Direct protons onto 50g segmented graphite target.
— produces an intense flux of secondary pions and kaons.

e Focus 1+ /k+ into tight beam using magnetic focusing.
— requires two 200kA parabolic electromagnets (act as lenses).

e Direct " /k* into 675m evacuated decay pipe.

— need to point the beam 3 degrees into earth to reach Soudan!
- 1r"/k* decay in pipe to produce p*/v, (and ~1% e*/v,).

e Absorb p in 200m rock to leave pure neutrino beam.
- produce ~1 neutrino for each proton on target.



The NuMI Beam

Muon Monitors

Absorber

Decay Pipe £ iRl

Targ et y Drr:fl . - ' T !NHL'H“H"! V
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675m Monitor
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L 4 D 3
< ;; v, =917%| < ;E v, =399%
- _ Ly
5015 v'u =TD% 1:':_}15 "l-"'.u =581%
X 10 - X 10 ’J —
x v,+v, =13% < PLLL v, +v, =2.0%
3 5 i 3 5
LL BTN i - 3

b A 10 15 20 25 _ 30 %

E, .. (GaV)



The MINOS Detectors

—— %N el [ , 7 3 3 ;;;.\-_1/ N
R s 2 - l‘ : ey s |
v v i g .
A =

Near Detector Far Detector

Functionally Identical Detectors!

1 kt mass Both are steel/scintillator 5.4 kt mass
1 km from target tracking detectors. 735 km from target
282 steel planes Magnetized steel (B ~1.3T). 486 steel planes

153 scintillator planes GPS synchronization. 484 scintillator planes
100m underground 700m underground



| Neutrino Interactions
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Neutrino Interactions

Vv, Charged Current (CC)
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