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Neutrinos

Standard model predicts 3 neutrino flavours

* Cousins of electron, muon, and tau

* —Masstess— Very small masses

* Neutral (no charge)

* Only interacts through the weak force
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Neutrino Flavor Mixing
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e Definite mass states while traveling

Neutrinos are in: e Definite flavour states while interacting through weak force



3 Neutrino Mixing Parameters

Normal hierarchy
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> Am3; = m, - My
> Am3, = m3 - m;]
- 045,043, 0,3 = Mixing angles between mass states
> 0

eus Bers 0, = Mixing angles between flavour states

*x We don't know the mass hierarchy, just differences



Short-Baseline Oscillations + Sterile Neutrino?

A
Long-Baseline Oscillations | Afourthneutrino?
- Solar neutrino oscillations (1980s)

- Atmospheric neutrino oscillations (1990s-2000s)

}Am2 ~ leV?
. . LSND
- Early reactor and accelerator oscillations o

Short-Baseline Anomaly

J
- Liquid Scintillator Neutrino Detector (LSND) (1990s) @
- MiniBooNE + MicroBooNE (2000s-2010s) Am2,. = 2.5 x 107 3eV?2
* Evidence of neutrino oscillations at SHORT distances, could be (v.) }Amﬁoz _ 74 x 10-%eV?
explained by additional “sterile” neutrinos D




______________________________________________

- 5in*(20ee) = 4(1 = [Uea)|Uea*
. . . 37:77'2(29##) =4{1— |Uu4|2)|Uu4|2
Neutrino Oscillations (3+1) - 5in2(20,e) = 4Uea|?|Upua)? '

Simplest sterile neutrino model
- 3 standard model neutrinos + 1 sterile neutrino which doesn’t interact through the weak force

Individual neutrino’s flavour can swap between 2 measurements with distance dependent probabilities:

P, ., =1—5in?(20,.)sin*(1.27Am3,L/E)
Py, v, =1 —sin*(20,,)sin*(1.27Am3, L/ E)
P, v, = sin*(20,,.)sin*(1.27TAm3, L/ E)
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Image Credit: APS/Alan Stonebraker

MicroBooNE

* Created to investigate anomalous neutrino signals s ,
Booster Magnetic Decay Absorber  Dirt Detector

at short-baselines S ;
ocuslng hom region

Short-Baseline Neutrino Program at Fermilab *  Liquid-Argon Time
Projection Chamber
(LaTPC) Detector

* Neutrino beam ~99%
muon neutrinos and
antineutrinos, <1%
electron neutrinos

Target SBND MicroBooNE ICARUS

Horn + decay pipe 760 tons of argon

1
600 meters

]
110 meters 470 meters

Image Credit: Fermilab
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What is a sensitivity study?

Overall goal for oscillation search:
- Find the values of the the oscillation parameters (Am?“, Uecs, U, ) that best fit the observed data
However, some parameter combinations will only cause very small observable oscillation effects

-> MicroBooNE cannot detect every single small difference in neutrino flux
- Some uncertainty as to what is an oscillation “signal” and what is background neutrino “noise”

Thus, we need to find the region in parameter space which MicroBooNE is sensitive to

-> Where we can statistically differentiate between the background and oscillation neutrinos if the
signal actually exists
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Intrinsic and Disappearance and Appearance v,
AmZ, = 4.5 and sin?(26,4) = 0.35 and sin%(26,,) = 0.1
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Chi2 Equation

42 = ZIN Zj\’ (Observed; — Expected;) * M;l * (Observed; — Expected;)

1

Where M is the full covariance matrix encapsulating the following errors added in quadrature:

e o2 statistical error = N; *pi; is the correlation coefficient between bins i and |
2 C s
* 0, Systematic flux error = N; % Nj % 6 flux,i * O flux,j * Pij

o 02,55 Systematic cross-section error = N; Nj * Ocross,i * Ocross,j * Pij

2 : : =
® 0,0 SYstematic detection error = N; % N % Ggetect,i * Odetect,j * Pij
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x2in context of oscillation

Expected Systematic
VS
Observed

Uncertainties

Errors found from
other simulation
studies:

Expected = Intrinsic
neutrinos (null

hypothesis) i 15% 020 5
- FIUX: o, p=U.

- Cross-section:
20%, p=1
- Detection: 3%, p=0

Observed = Simulated
survival + appearance
neutrinos

Electron
and Muon
Neutrino
Flux

Critical
Values

For 3 degrees of
freedom (3 unknown

Sum across both parameters):

electron and muon
-90% CL=6.25

-99% CL=11.35
-99.9% CL =16.27

neutrino spectra for
higher sensitivity
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ve and vy, Spectra x? Sensitivity to Variations in UZ,, Uj,, and Amg,
POT = 1.2e+21
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Amz1 and U; Contour

amg? (ev?)

Ve And v, Spectra ¥ Sensitivity to Vanations in UZ, and amj,
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x? range from <10-8 to >100

MicroBooNE is sensitive to yellow regions above
and to the right of the critical value contours
Sensitivity seems to decrease until U; = 0.004,
then starts to increase

This could be due to some cancellation between
the electron neutrino appearance and
disappearance numbers, thus lowering the y?2

value
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Amf11 and U:4 Contour

ve and v, Spectra x* Sensitivity to Variations in U2, and amj,
POT = 1 2e421
Wwith Constant U2, 0.0001

10!
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x? range from <10-8 to >100

At low Uy, and U4, MicroBooNE has low
sensitivity to the parameter space, particularly
when Amj1 is also low

We can now see the “bump” of low x?2 (low

sensitivity) at Ui4 = 0.006
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Collapsed Parameter Space

* Collapse the U,y and U 4
parameters into the single
parameter:

* Typical global y? fitting
parameter space

Collapsed Parameter Space y? Sensitivity

POT = 1.2e+21
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PROSPECT and IceCube

PROSPECT Detector at
Oak Ridge National Lab

™ Liquid Scintillator

Reactor Core

Image Credit: NIST/Sean Kelley

*

Independent non-
accelerator neutrino
detectors

PROSPECT measures
short baseline reactor
electron antineutrino
disappearance
IceCube detects all
neutrino flavors, but
primarily measures
atmospheric muon
neutrino disappearance

Image Credit: IceCube Collaboration

IceCube Lab

1450 m

2450m

Deep Core

‘ Eiffel Tower
a 324m

2820m

IceCube Detector at
the South Pole
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x? Values for Varying sin?(26,4) with

Com parlson to Icecu be IceCube Parameters: Am2, = 4.5eV and sin?(26,4) = 0.1
x? Critical Values
IceCube best fit values: 2004 — 90% CL
—— 99% CL
. — 99.9% CL
AmZ, =4.5eV and sin?(26,4) = 0.1 POT 2 1 20421
150

About ~% of sin?( 26,,) parameter space above

"~
100
critical values, meaning MicroBooNE has sensitivity
Parameter conversions — 50 -
sin%(20,.) ~ sin*(2014)
sin®(26,,,) ~ sin?(26x,) 0.
sin®(26 ) = isin2(2914)sin2(2924) 0.0 0.1 0.2 0.3 0.4 0.5

5;”2(2914)
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Adding in PROSPECT Limits

PROSPECT found no evidence for oscillations within
its own sensitivity parameter space

For Amﬁl = 4.5eV (given by IceCube), PROSPECT
rules out any sin®(26014) > 0.02 ata 99.73% CL
MicroBooNE is NOT sensitive to the parameter region

allowed by PROSPECT and IceCube’s best fit

[ Allowed Region ]

Image Credit: PROSPECT Collaboration
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Conclusions
Calculating 2 Values

- Incorporating electron neutrino appearance AND disappearance is important for accurate x2

measurements
- Fitting oscillation models across both electron and muon neutrino flux increases x2 values

(increasing our sensitivity)
Incorporating External Constraints

MicroBooNE is sensitive to ~% of IceCube’s parameter space at larger sin?( 26,,)
Adding in the PROSPECT limit on sin?( 26,,) , MicroBooNE is NOT sensitive to the combined

allowed parameter space region
- Thus, MicroBooNE cannot definitively check the validity of both PROSPECT and IceCube’s

results

vl
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