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Neutrino Oscillation Questions for MINOS

Normal hierarchy Inverted hierarchy

 Mass Hierarchy?

» Maximal Mixing in 0,37

e Sterile Neutrinos?
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MINOS Detectors

Near Detector
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- 1 km from target

- 735 km from target - 980 tons
- 5.4 ktons

* On-axis long-baseline neutrino oscillation experiments
* |dentical detector technology

* Magnetized steel tracking sampling calorimeters
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Neutrino Events
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Neutrino Events
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Neutrino Events
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Beam Neutrinos Exposure

Total NuMI protons-on-target (POT)
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e 23.61 x 1020 protons on target (11 years of accelerator neutrino data)

6 8 10 12 14 16 18 20
Neutrino Energy (GeV)

* 60.75 kt-yr exposure (13 years of atmospheric neutrino data)
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Three Falvours Oscillation Results
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Beam and Atmospheric Constraints

Best Fit
/\ Beam

Beam Best Fit
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Results consistent with the combined fit with a p-value of 22%
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Combined Fit

MINOS MINOS+
v, CC +v,CC v, CC === NoOrmal hierarchy

v,-mode:10.71 x10°° POT v ,-mode: 9.69 x10%° POT === |nverted hierarchy
v,-mode: 3.36 x10°° POT total atm.v: ~ 60.75 ktyr
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Inverted Hierarchy

Ams, =245%700%x 1077 eV?

sin” 0, = 0.42 (0.39 < 0.49)

Normal hierarchy _ 2.3 2.4 2.5 2.6
IAmZ, (10 eV?)
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=== Normal hierarchy
== |Nverted hierarchy

Disfavor maximal mixing: 091c
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Combined Fit

Comparing with Other Experiments

S. Germani - UniPG
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Phys. Rev. Lett. 125, 131802 (2020)
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Beyond Three Flavour Standard Oscillation
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Sterile Neutrinos 3+1 Model

New Mass Eigenstate

2 2
Ami, = Amj,

e 3 mass scales: AmZ221, AmZ23y,
e 6 Mixing angles: B12, B23, 013,
e 3 CP-violating phases: 613,
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4 Flavour Oscillations at MINOS
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Near Detector

Far Detector
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MINOS+ Exclusion

Phys. Rev. Lett. 122, 091803 (2019)
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MINOS+/Daya Bay/Bugey-3 Exclusion

Phys. Rev. Lett. 125, 071801

v, disappearance Ve disappearance
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MINOS+/Daya Bay/Bugey-3 Exclusion
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Sterilre driven v, appearance

S. Germani - UniPG 21 TAU2021



Sterile-driven v, Appearance

3-flavor terms Std. Osc.

P(v, — v.) = sin*(26,3) sin*(fa3) sin*(1.27Am>L/E)

.

=y, 3+1v Osc.
A m?,=10x10" eV?

sin(6,, )sin(26,, )sin(26,, )sin(6,, )sin® A, +sin*(26,, )sin*(6,, )sin® A, +... 0,,=0.126
0,, =0.196
3+1 terms \ 0,, = 0.250

‘ Ve candidate

6 8
E, [GeV]

* MINOS+ data set is at high energy
e Standard ve sample drops off above 6 GeV

* Signal events are more compact showers

] e |

* Background to ve events in MINOS+
manageable at high energy

Detector Plane
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3 flavour v,

S. Germani - UniPG

Background -like
Events

(70)
e
C
o
>
L
| -
O
]
@)
O
]
O
a
| -
©
LL

—
-
o

MINOS+ PRELIMINARY
9.65 x 10°° POT v Mode
FD 3v Prediction -- 0.0 < o, < 0.5
Statistical Errors Only
—@— FD Data

Total 3v Prediction
. NC

v, CC

Beam v, CC

v, CC
B v, CC Appearance

8 9 10
Reconstructed Energy [GeV]

23

TAU2021



Far Detector Events

3 flavour v,
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3 flavour v,
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3-flavor
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Joint v, — v, Fit
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Joint v, — v, Fit
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onlclusions
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BACKUP
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Atmospheric Neutrino Exposure

MINOS+ Preliminary
Atmospheric Neutrinos (60.75 kt-yr)

Events per live-day
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Bugey-3

Reactor 5 Te 3 modules at two positions
le 3 Baselines at 15, 40, 95 m
Reactor power: 2.8 GW
Each module has 600 liters of
°Li-doped LS
Total events: 150k

Steam generator

Nucl.Phys. B434 (1995) 503-534, Nucl. Instrum. Meth. A374 (1996) 164 187
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