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Neutrinos

* Neutrino oscillations have become a well-established and
well-described phenomenon over the last 20 years.

* The Nobel Prize in Physics 2015 was awarded jointly to Takaaki
Kajita and Arthur B. McDonald "for the discovery of neutrino
oscillations, which shows that neutrinos have mass”

« QOscillations arise from the quantum mechanical
interference between the neutrino mass states.
« At least two of the neutrinos must be massive!

* The neutrino eigenstates of the weak interaction are not
the same as the mass eigenstates.
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Neutrinos

 For three neutrino flavours:

3
Vo = E Uon'Vz'
. 4 Y| V-

Flavour eigenstates: v, v,,, U Mass eigenstates: 11, Uy, V3

3x3 unitary matrix - the PMNS matrix

(V17V27V3)
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Neutrinos

* For three neutrino flavours: Cjk = cos Ok, Sj = sin 0y
1 0 0 C13 0 Slgfi_i(S C12 S120 0
U = 0 C23 S923 0 1 0 —S12 C12 0
0 —S23 C23 —81362(S 0 C13 0 0 1
Muon neutrino disappearance Electron antineutrino (Anti)electron neutrino
(accelerator and atmospheric) disappearance (reactor) disappearance
Electron neutrino appearance (solar and reactor)

(accelerator)

« Three mixing angles and a CP violating phase.

« QOscillations are driven by mass-squared splittings
1.27Am§1L>

E
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Mass Hierarchy

* The order of all the mass states isn’t completely known.

Normal Hierarchy Inverted Hierarchy
V3

— V, DT —

V e || A
B Ve
mv, Am2;,

Am?2
32
M V.

V, I

V) — ) 221

V; DT —

» The sign of Ams3, is known from matter effects in the Sun
and from the definition of v/; having the largest v,
component.

« The sign of Ams3, is still unknown.
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Current State of Measurements

* Very successful programme

of measurements.

* The remaining unknowns:

* |s the mass-hierarchy
« Normal Am3, > 0?
« Inverted Ams3, < 0?

* IS Oy3 = 4507

« What is the value of 0 ?

* |s there CP violation in the neutrino

sector?

Nu-Fit v4.0
Normal Ordering (best fit) Inverted Ordering (Ax? = 4.7)
bfp £1o 30 range bfp +1o 30 range
sin® 012 0.31019:2:3 0.275 — 0.350 0.31075:013 0.275 — 0.350
012/° 33.8210-78 31.61 — 36.27 33.8210-78 31.61 — 36.27
sin® 63 0.58019-937 0.418 — 0.627 0.58415-036 0.423 — 0.629
023/° 49.6119 40.3 — 52.4 49.8710 40.6 — 52.5
sin? 613 0.0224179:99065 (0.02045 — 0.02439 | 0.0226419:9996  .02068 — 0.02463
% 013/° 8.611013 8.22 — 8.99 8.6570-1% 8.27 — 9.03
o
@ | dep/° 215159 125 — 392 284127 196 — 360
=
_8 Am%l 0.21 0.21
2| 05 ev? 7.397035 6.79 — 8.01 7.3910-35 6.79 — 8.01
Amgﬁ o= +40.033 E =1640.034
[0T3ovE | T2OBI0Mn 4242742625 | —25120005 2611 — —2412

Esteban, I., Gonzalez-Garcia, M.C., Hernandez-Cabezudo, A. et al. J. High
° |f not, 1S it h]gher or [ower? Energ. Phys. (2019) 2019: 106. https://doi.org/10.1007/JHEPO1(2019)106

« How many neutrinos are there?
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MINOS and
MINOS+



The MINOS+ Experiment

Na

4 v ‘» A .
AT o TRAC

r etecor Near Detector
735 km from beam target 1 km from beam target
5.4 kton mass 1 kton mass

« MINOS/MINOS+ had two functionally identical, magnetised,
tracking, sampling calorimeters.

» Can distinguish muon charge from the curvature.
« Exposed by the NuMI beam at Fermilab.

 MINOS+ is the continuation of MINOS into the NOVA era at
FNAL.
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The NuMI Beam

 MINOS+ collected neutrinos from the NuMIl beam at

Fermilab.
NuMI Neutrino Beam at Fermilab Muon Monitors
) Absorber
Decay Pipe
Horns ,
120 Gev TR e N N A\ E Vi
protons from —siEf— ol s/ '
Main Injector —r—— L (R e el
10m 30 m ,—-J-——E?r’"’ l:Aad(Sn Sm Rock 12m
onior
. L Simulated v Begom
* Neutrinos produced by decay of 3 00
focused mesons produced in the target. 3 | — MINOS+
"q:',' — NOVA
@ soo RN
- Polarity of the horns can be reversedto & | T
produce an antineutrino beam. ay i

5 10 15 20

E, (GeV)
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Data Samples
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Neutrino Interactions in MINOS+

« There are three main types of interactions seen in MINOS+

v, charged-current v neutral-current v, charged-current
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NC Event Selection

« The first step is to select the neutral current interactions.

« Two main selection criteria:
« Event length and the extension of the track beyond the hadronic

shower.
60 T T T | T T T | T T T I T T T 'l .I T T 20 K T T T T | T T T T I T .I . T T ]
- 10.56x10%° POT MINOS MINOS+ Preliminary - | 10.56x10%° POT MINOS MINOS+ Preliminary
20 _ 20 -
- 580x107POT MINOS+ Near Detector, v, mode | [ 580107 POT MINOS- Near Detector, v, mode -
5 T —4— NC Data : 5 150 —4— NC Data 7]
o 40- NC Simulation & - NC Simulation
) i 4444 CC Background | ) L %4442 GC Background
~— . . ~— 1 0 —
2 N : 2 |
& 20 . &
> >
TR . o 5 -]
0 e
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Event Length (number of planes) Track Extension (number of planes)
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CC Event Selection

« Charged current interactions are selected from those that
do not pass the neutral current selection.

¢ Use a kNN to select CC interactions from the backgrounds.
« Uses four topological and energy deposition variables as input.

= T T T I T T T I T T T l T T T I T T T ] F T T T I T T T I T T T | T T T I T T
- MINOS Preliminary 10.56x10%° POT MINOS 102 = MINOS+ Preliminary  s.gox10* PoT MiNOS+
10 Near Detector, v, mode - Near Detector, v, mode
IC_) - t— Datav, . |C_) T —4— Datav,
“'} L MC v, Simulation ] & 10 MC v,, Simulation |
o) ; %2224 Total Background : ) 42224 Total Background =
~ ~ i
-og 1 Pl —: 42 ﬁ —
() ] o 1 —
> - > =
T 1 ]
10—1 L 1 I | L | 1 1 L | L L 1 I L | L 10—1 L L I 1 1 L | L 1 1 I | L L
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
kNN Separation Variable kNN Separation Variable
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Three Flavour
Oscillation Analysis




Beam Neutrinos - Flux Prediction

* In our three-flavour analysis we use the ND to tune the MC

« A special sample with the magnetic horns switched off
allows us to probe hadron production effects

MINOS+ Preliminary

| T T T | T T T | L T |

2 MINOS+ Horn Off Beam B

1001 e Near Detector Data 1

Untuned MC
Tuned MC.

v,~CC Selected

Events/10'® POT

Data/MC

0 70 20 30 40 50
Reconstructed E, [Gev]
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Beam Neutrinos - Flux Prediction

* In our three-flavour analysis we use the ND to tune the MC

* We then apply these hadron production weights to the
standard horn on MC

MINOS+ Preliminar MINOS+ Preliminary
y

120 [ T T T | LI | L | L | 2500 . | L | L | L ]

— 2 MINOS+ Horn Off Beam B — - MINOS+ Horn On Beam ]

'®) 100 - e Near Detector Data ] O 2000 [~ o Near Detector Data

o sof Untuned MC o - Untuned MC

© — © B

i) - Tuned MC. o 1500 - Tuned MC. -

= - v,~CC Selected = N v,-CC Selected ]

o 60} = - 1
= ¥ 1000 |-
20k _: 500 .

Data/MC
Data/MC

0 70 20 30 40 50 0 70 20 30 20 50
Reconstructed E, [Gev] Reconstructed E, [Gev]
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Beam Neutrinos - Flux Prediction

* In our three-flavour analysis we use the ND to tune the MC

 Finally, we fit the standard hour on MC to tune the beam
focussing component of the flux prediction

MINOS+ Preliminary MINOS+ Preliminary MINOS+ Preliminary
120 [ T T T | L | L | L | 2500 . | L | L | LI | 2500 [ T L | L ‘ L ‘ L ]
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'®) 100 - o Near Detector Data O 2000 [~ o Near Detector Data—| O 2000 [~ o Near Detector Data—
o sol 0 Untuned MC o - Untuned MC o N Untuned MC
0 [ © L 0 -
"‘o - Tuned MC. *—O 1500 - Tuned MC. _l '—o 1500 | Tuned MC. _
= - v,~CC Selected = N v,-CC Selected = u v,~CC Selected
@ op 2 2 | ]
S g E S 1000 S 1000 -
> 40f > - > - .
| C ] i N w B
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o 7k o o 14f
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T 8 8
a8 08| ] a8 08| ] 8 08 ]
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Reconstructed E, [Gev] Reconstructed E, [Gev] Reconstructed E, [GevV]
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Beam Neutrinos

« MINOS was designed to measure the atmospheric scale
oscillation parameters.

* Look for disappearance of muon neutrinos in the FD relative to ND.
* Measure muon neutrinos through charged current interactions.

2000: T T T T l T T T T I TTTT l TTTT l I ] 2_ T T T T | T T T T | 11T | T TT | | 7]
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% . 2 336 %10 POT v,-mode MINOS { =8 X 4: 9.69 x10%° POT v,-mode MINOS+ B
12001 4 5 1.2F ' E
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Atmospheric Neutrinos

* The MINOS+ Far Detector has collected a large number of
atmospheric neutrinos over 12 years

* Neutrinos and anti-neutrinos separated by curvature in
the magnetic field

Lot (b bt 1
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Atmospheric Neutrinos

* The MINOS+ Far Detector has collected a large number of
atmospheric neutrinos over 12 years
* Neutrinos and anti-neutrinos separated by curvature in
the magnetic field

100;'\);1‘ E,=13GeV - 60—'\};1' 'E,=310GeV - 40}'\};1‘ E=1030GeV | ,fV, Pu<10Gev |ty P,>10GeV ]
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Three Flavour Oscillations

 Fit gives 1D and 2D contours

3.0 60.75 kt-yr atmospheric v
- MINOS: v, disappearance + v, appearance

| MINOS+: v, disappearance
POT: 9.69 x10” v,-mode

& Normal hiefarchy

L POT: 10.71x10” v,-mode, 3.36 x10”° V,-mode

[ Inverted hierarchy

Am2, (107%V?)

MINOS+ Preliminary

L Best fit
KRN s0% c.L. =68% C.L.

-3.0F 7 PRL 112, 191801 (2014) =90% C.L.

—T T T T T
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Leigh Whitehead
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sin2623 90% C.L. interval
0.36 - 0.65




Three Flavour Oscillations

 Fit gives 1D and 2D contours Best fit
Amz2,, = 2.42x10 eV?

sin2623 =0.42

oottt L I
- MINOS, MINOS+ o 2q0 oo
3.0~ combined analysis 68% C.L. ==90% C.L.
i MINOS+ Preliminary

|Am2,,| 90% C.L. intervals
NH: (2.28 - 2.55) x 107 eV?
IH: (2.33 - 2.60) x 107 eV?

l | | 1 1 l | l 1 1 I |

N® 2 (f--- NOVAGO%CL T2K 90% C.L.
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N | hi h PRL 120, 071801 (2018) C.L.
1 olrmla. llerlarcl yl 1 1 l 1 1 1 1 l 1 1 1 1
0.3 0.4 0.5 0.6 0.7
Sin°e,, sin26,, 90% C.L. interval

0.36 - 0.65
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Beyond Three
Neutrino Flavours



How Many Neutrinos?

* Invisible width of the Z-boson from LEP very strongly
measured that there are 3 neutrinos.

 Form, < %mz fourth neutrino

must not couple to the Z-boson.
* Hence the name sterile.

e Results from Planck:

Neg =32+0.5

95%, Planck TT+lowP+lensing+BAO.
> m,<032eV

P. A. R. Ade, et al. (2016) Astron. Astrophys. 594, arXiv 1502.01589

30

=
= 20
<
]
=

©

10

2v

ALEPH
DELPHI
L3
OPAL

.t average measurements,
error bars increased
by factor 10

Phys. Rept. 427, 257 (2006)
" L X 1 " " N 1 " " N 1

P | [ | |

8 88 90 92 94
E,, [GeV]
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Some Anomalies

« The majority of neutrino oscillation data is well described
by the three flavour model.

* However, there are some outliers.

 Anomalous appearance of /¢ in short-baseline /,, beams.
« Gallium experiment calibration sources.
« Reactor neutrino flux deficit.

- The main point is that all three anomalies were consistent
with oscillations at a mass-splitting scale of approximately
1 eV2
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Some Anomalies - 1

- LSND saw an excess of U, = U, § ns} .
* Could be interpreted as oscillations at L:é 15¢ f sidnds
a mass-splitting scale of approximately & 725} T
1 eV2 of b
- However, KARMEN2 saw results 75} -
consistent with expectation. o D ime
25_ RS '.:'.:‘f‘}..'x’:.
3: \ | Itail_gﬁ:‘ - (b)l: Og -
M HF?H ] 04 06 08 1 12 14
DR R L/E, (meters/MeV)

time prompt event [us] energy prompt event [MeV]

T * The MiniBooNE experiment was devised
N to investigate these differing results...
* Looked at U,, — U, and V), — Ve

/50 w
%
e ]
s 1 I
events/ | MeV
[ SECN
® T T T
—
oo
__ f=F E o
2 e
Z ol 1@
o 2
5 g &
4 & - m
o
& =
g 8
1 =z o
o e
< L I 1 =

Leigh Whitehead



Some Anomalies - 1

* MiniBooNE saw excess appearance in
both neutrino and anti neutrino channels.

10%F

Am? (eV

* Not identical to LSND, but allowed
similar regions of phase-space. tof

—40 CL

_____ KARMEN2
90% CL
OPERA

%1'8:_"'I"'I"'I"‘l"'I"'I"'I— B ( ‘ 7
%1.6;— —e—— v,: 12.84x10°° POT = 1 ‘ =

107 ( N —

: - l LSND90%CL [
ET**‘*::'— i — b 3 i
0.0F : : == 1 — . I:ILSND 99% CL
o= vy 1
0.2 04 0.6 0.8 1.0 1.2 14 3.0 1072 i Ll LS

E% (GeV) 10° 102 10™ 1
sin“20

A. Aguilar-Arevalo et al. Phys. Rev. Lett. 121 (2018), p. 221801.

= 90% CL
€ 1.4F = ¥V, 11.27x10*° POT =
2 = =
w 1.2 2 cr
= (0.918, 0.041 eV®) best fit 4
@ 1O (0.01, 0.4 ev?) E
.01, 0. E
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Some Anomalies - 2

« GALLEX and SAGE were two

solar neutrino experiments. - | GaALLEX sAGe
Cri Cr ]
« Calibrated using s - ]
radioactive sources. < : . I SAGE
g o J s
ZCD © I e —
I
° Measured rates fromthe « _ | ]
calibration sources showed B S
consistent deficits. | R=0.84%0.05

Gariazzo et al. J.Phys. G43 (2016) 033001

- Again, consistent with a DOI:10.1088/0954-3899/43/3/033001
1 eV2 mass-splitting.

. I Leigh Whitehead 29




Some Anomalies - 3

« The majority of reactor neutrino experiments have seen a
deficit of 7/,

o
N
. —5— Bugey-3 —+— Daya Bay w— ILL —— Palo Verde &  Rovno91
—— Bugey-4 —%— Double Chooz —#— Krasnoyarsk —&— RENO SRP
= —4— Chooz —&— Gosgen —¥—  Nucifer —#— Rovno88
©
&)
< 3 l
— - . - k4 T
S N S N S S - VR S R | RS (S —-
: N 7
2 g X R G Y L A AL
I e i
m ) 8
o
[+ o]
o
R=0.940+0.024
o
[\. i i i el " n i N
o
10 10? 10°

L [m]
Gariazzo et al. (2017). arXiv: 1703.00860 [hep-ex]

« Again, consistent with a 1 eV2 mass-splitting, but...
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Some Anomalies - 3

- Daya Bay released results from studying their flux as a
function of reactor fuel cycles to extract information on
the uranium and plutonium components.

* Flux deficit appears to only come
from the uranium flux. ‘.

A Daya Bay

5 0 —e— Huber model w/ 68% C.L. /
4.5
A / """"" +
C.L
3.5 g%

" 95%
o938 = (10.1£1.0) x 10™* 99.7%
0041 = (6.04 £ 0.60) x 1071 T%

* The sterile neutrino hypothesis
for the reactor anomaly is:
“incompatible with Daya Bay’s
observation at 2.60”.

0939 [107* cm? / fission]

3.0
52 56 60 64 68 7.2

o935 [107% cm? / fission]

An et al. (2017). arXiv: 1704.01082 [hep-ex]
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Null Results

* A number of muon neutrino disappearance experiments see

no evidence of a sterile neutrino.

 MiniBooNE + SciBooNE

* MINOS
* |ceCube
* CDHS

« CCFR

« Super-K

M. G. Aartsen et al. Phys. Rev.

Lett. 117, 071801 (2016)

10!

Am2 JeV?

Am2 [eV?

—— IceCube 99% CL
99% CL sensitivity | +

(68% and 95%) :

Kopp et al. (2013)

m= Collin et al. (2016)
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1072 107! 10°

Leigh Whitehead
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P. Adamson et al., Phys. Rev. Lett. 117, 151803 (2016).




Four Flavour Formalism

« Most common extension to include a 4th neutrino is the 3+1

model.
( :— ___________________ i Ue4 \
* PMNS matrix becomes 4 x 4 Upmns Upa
* Three new mixing angles: S R VA
8,,,6,,and 6,, Us Uso Uss Ussg )
* Two new CP phases:
614 and 6,, Vs EH |
m Ve
mv,
* Three new mass-splittings, W Ve Am2,,
but only one is independent. avs
o Am2,, V; D |
V, T |
V) D
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MINOS+ Four Flavour
Oscillation Analysis




Sterile Oscillations in MINOS+

 MINOS+ is sensitive to three of the sterile oscillation
parameters.

« Muon neutrino disappearance: 6,, and AmzZ,,

* Measured with muon neutrino charged-current events.

- Active neutrino disappearance: 68,, , 6;, and Am2,,

* Measured using neutral-current interactions.

 Sensitivity reduced compared to CC due to worse energy resolution
and lower cross-section.

* Oscillations can cause effects in both detectors depending
on the value of Amz,,
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Sterile Oscillations in MINOS+
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Sterile Oscillations in MINOS+
P(v, »v,) ~1— sin? 26053 M4 sin? Ag;

SR A

Neutrino Energy (GeV) Neutrino Energy (GeV)
10 10 1 102 10 1
1.2 ‘ T - 7 —1.0
) 1 —{09 @©
1.0: 1 —os Ccog
Z osf- =
._g - 1 —06 g
I 061 —| —0.5 S
o B 1 —0.4 <
o 04 03 o
n ) (=
0.oF 10 —0.2 o
B i 0.1 1
0.0 0.0

1072 10~ 10° 10°

1 10
L/E (km/GeV)

. I Leigh Whitehead 37




Sterile Oscillations in MINOS+

P (V’u — VM) ~] — Sin2 2023 COS 2024 Sin2 A31
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Sterile Oscillations in MINOS+
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Sterile Oscillations in MINOS+
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Analysis Method

— T [ T T T T [ T T T T ] T T T T

MINOS+ Preliminary

 The previous MINOS sterile neutrino ,+ =
analysis used the ratio of the Far and _ | geiwes = o
Near spectra. :

* Can’t use the ND to tune the MC like :
in our three-flavour analysis. 200/

* Many systematics cancel in the ratio.

[0))
o
o

T

A
o
)

T | T

Low & Medium energy beam

v,-mode, Far Detector

10.56x10% POT MINOS
5.80x10% POT MINOS+

Events / GeV
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O?O 0.8+ Amfn =7.54 x10° eV? 3-flavour prediction | B MINOS+ Prellmlnary ]
- B Am3, =2.37 x10° eVv? Systematic uncertainty ] > 3 N Am% i 7.54 X10'_§ evz —— CC 3flavour simulation ™|
\X, L Sin2(913) =0.022 i > 8 L AMip B 3(27 ;(100 0:\2/ Systematic uncertainty
L ain2g ) = ] L SImB15) =0/ NC background
_(f:; 0.6 i sin“(8,,) = 0.41 i v 6\\ r Sin(0,.) = 041 ] ackgroun:
o B A o 21— _
— B . >, L
g 041 - z
%’ B B & r Low & Medium energy beam
— B N 5 1‘ v,-mode, Near Detector
5 02 10.56x10% POT MINOS ] u>J B 7499x1oz‘; POT MINOS
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0 10 20 30 40 0 10 20 30 40
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* Uncertainty in the ratio was dominated by FD statistics.
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The Two Detector Fit

« We have now moved to a simultaneous two detector fit.
* Use the a-priori flux prediction from MINERVA [1]

* We use a single covariance matrix that encapsulates the
correlations between the systematic uncertainties.

« This still enables us to have some cancellation of the systematic
uncertainties without using the Far-over-Near ratio.

* Consider a total of 44 systematic uncertainties across the
different event selections.

[1] L. Aliagia, et al, Phys. Rev. D 94, 092005, 2016
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Systematic Uncertainties: NC
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Systematic Uncertainties: NC
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Systematic Uncertainties: CC
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Systematic Uncertainties: CC
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The Fit Procedure

* Perform a fit to minimise the following for both the CC and
NC samples

N
jJ
=1

1

e

i) [V—l}ij (x; — p;) + penalty

m

J

 Global best fit values are used for AmZ,,, 6,, and 6.,

« The other parameters have a negligible effect on the
analysis and are set to zero: 0,,, 0,5, 0,, and 0.,

- Penalty term prevents from Am2,, becoming degenerate
with Amz2,,
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Event Spectra: NC Selection

« Spectra shown after correcting the prediction after
decorrelation of the covariance matrix

T T T T T s
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Event Spectra: CC Selection

« Spectra shown after correcting the prediction after
decorrelation of the covariance matrix
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The Fit Result

. BeSt fit point: 103 ?llll 1 1 llllll] 1 1 lllll]] I llll”] 1 1 'l]]]§
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P. Adamson et al., Phys. Rev. Lett. 122, 091803 (2019).
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Comparison with Other Results

10.56x10%° POT MINOS

5.80x10%° POT MINOS+
vy mode

 Best fit point: 107
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P. Adamson et al., Phys. Rev. Lett. 122, 091803 (2019).
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Combination with Daya Bay

 MINOS+ sensitive to |U,4|* = sin® a4 cos® 014
- Daya Bay v disappearance sensitive to  |U,4|? = sin® 014

10 E T T T TTTTT I T 103 =
- —Daya Bay Excluded FC 90% C.L. , -
[ :==Daya Bay Sensitivity FC 90% C.L. i o
(median, 1o and 20) B
i ) |
— Daya Bay Excluded 90% CL_ 10°E E
1 -+ Bugey-3 Excluded 90% C.L. = E
[~ ——Daya Bay+Bugey-3 = o
[~ Excluded 90% CL . ) ] 1 0 = —
'y F
> 10" E < L
[0) . E > 1 : =
— = ($) E !
- % - ~— = '
R = - — - :
e =TT i o :
<2 = Tl E 10'g 5 E
10°E > E < X
( © = B
- E 1072 = =
10%E | T MINOS/MINOS+
F 3 1078 |- — Excluded FC 90% C.L. -
a E E == Sensitivity FC 90% C.L. (median, 1o and 20)
1 Lol 1 Lol 1 L1 r — Excluded 90% C|I_S |
N _ - —4 L 1 I | 1 1 Ll 1111 1 1 1| Ll
10 3 10 2 10 1 1 1 0 _ _ —
107 1072 107 1

. 2
sin“20
14 P2
sin 924

e Combine to probe the same parameter-space as LSND and
MiniBOONE:  4|Uc4|?|U,4|* = sin® 2014 sin® fo4 = sin® 20,
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Combination with Daya Bay
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https://arxiv.org/abs/2002.00301

Summary

* MINOS/MINOS+ has produced

I I ! I | I ! ! I IIII|I|II| |

its final three flavour muon | r+ MINOS, MINOS. data — Far Detector |
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. . . (S 2 =
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« The four-flavour analysis gives a leading exclusion on the
sterile neutrino hypothesis over many orders of magnitude
in Am?2

41
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Thank You!
Any Questions?




