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Neutrino Oscillation Experiments
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Current Neutrino Flagships

NOvVA

NOvA
Ash River

Super-Kamiokande

Mt.Noguchi-Goro Dake
2,924m

International ®
Falls

Mt.Ikenoyama
1,360m

Near Detector

MN

Minneapolis ®

_ Neutrino beam
Super-Kamiokande created at J-PARC

main ring 810 km

Fermilab Im it Ash River

|
|

Blair (T2K) 1509.08889
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http://arxiv.org/abs/arXiv:1509.08889

What we Know About Neutrino Oscillations
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http://www.nu-fit.org/

What we Know About Neutrino Oscillations

NUFIT 5.0 (2020)
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BSM Searches

In this talk we will look for
dents in this picture
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https://www.boredpanda.com/creative-car-dents-scratch-fix-cover-up/

Sterile Neutrinos?
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Anomalies in Short Baseline Oscillations

Cﬁw Neutrino
\ \) PLATFORM
NS




Anomalies in Short Baseline Oscillations

[4 LSND / MiniBooNE: anomalous v, — v, oscillations
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https://arxiv.org/abs/1805.12028
https://arxiv.org/abs/hep-ex/0104049

Anomalies in Short Baseline Oscillations

[4 LSND / MiniBooNE: anomalous v, — v, oscillations

A Reactor & Gallium Experiments:
anomalous v, disappearance
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https://arxiv.org/abs/hep-ex/0104049
https://arxiv.org/abs/1101.2755

Anomalies in Short Baseline Oscillations

[4 LSND / MiniBooNE: anomalous v, — v, oscillations

A Reactor & Gallium Experiments:
anomalous v, disappearance
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https://arxiv.org/abs/hep-ex/0104049
https://arxiv.org/abs/1101.2755

Light Sterile Neutrinos?

lZAdd extra neutrino flavor, promote mixing matrix to 4x4

[ Oscillation channels are related:
Py v, = 1= 2[Ucsl*(1 — [Ueal?)
Py, v, 21 = 2{Uu"(1 = [Upal")
Pvu—w — 2\U€4\ ‘Uu4|2

(for 4rE/Am3, < L < 4tE/Am3,)

A Models can be over-constrained.
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Global Fit in 3+1 Model

CE/RW
.

N4

Ty
2 dof '
101;
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( Fixed Fluxes)]

MINOS/ s
MINOS+

DC+SK
+IC

- (—) .
- v,—disapp
- combined

1.0_2 - ...1.0_1
|U,u4|2

Dentler Hernandez JK Machado Maltoni Martinez Schwetz, 1803.10661
see also works by Collin Arguelles Conrad Shaevitz, 1607.00011
| Gariazzo Giunti Laveder Li, 1703.00860
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https://arxiv.org/abs/1803.10661
https://arxiv.org/abs/1607.00011
https://arxiv.org/abs/1703.00860

Global Fit in 3+1 Model

2 d()f - .':. ‘-“ ‘(\b

severe tension (p < 10-4)

% scrutinize anomalies for
(need 4 independent effects!)

* |
* extended models?

BT
|U,u4|2

Dentler Hernandez JK Machado Maltoni Martinez Schwetz, 1803.10661
see also works by Collin Arguelles Conrad Shaevitz, 1607.00011
Gariazzo Giunti Laveder Li, 1703.00860
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https://arxiv.org/abs/1803.10661
https://arxiv.org/abs/1607.00011
https://arxiv.org/abs/1703.00860

Extended Sterile Neutrino Models

MSteriIe Neutrino production in the target, followed by

Vs = V + Y decay In the detector
(MiniBooNE cannot distinguish e* and vy)

Fischer Hernandez-Cabezudo Schwetz, 1909.09561

(ZSteriIe Neutrino production in the detector, followed by
Vs = V + Y decay Gninenko, 1009.5536

[A Sterile Neutrino production in the detector, followed by
Vs = vV + (A" = ete—) decay (on-shell or off-shell)

Bertuzzo Jana Machado Zukanovich-Funchal, 1807.09877
Ballett Pascoli Ross-Lonergan, 1808.02915

lZ[SteriIe Neutrino production in the target, followed by
Vs = Veur + @ decay in flight Dentler Esteban JK Machado, 1911.01427

erc JG ‘ U 11
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https://arxiv.org/abs/1911.01427
https://arxiv.org/abs/1909.09561
https://arxiv.org/abs/1009.5536
https://arxiv.org/abs/1807.09877
https://arxiv.org/abs/1808.02915

Extended Sterile Neutrino Models

difficulty reproducing
angular distribution
of MiniBooNE events

Gninenko, 1009.5536

NeutrrTo production in the detector, followed by
Vs = vV ™ (A" = ete-) decay (on-shell or off-shell)

Bertuzzo Jana Machado Zukanovich-Funchal, 1807.09877
Ballett Pascoli Ross-Lonergan, 1808.02915

lZ[SteriIe Neutrino production in the target, followed by
Vs = Veur + @ decay in flight Dentler Esteban JK Machado, 1911.01427
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https://arxiv.org/abs/1911.01427
https://arxiv.org/abs/1909.09561
https://arxiv.org/abs/1009.5536
https://arxiv.org/abs/1807.09877
https://arxiv.org/abs/1808.02915

MiniBooNE Backgrounds
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https://arxiv.org/abs/1805.12028

[ Neutral current neutrino interaction: S
v+N-=v+A(1232) g =

A A(1232) mostly decays to T + N A

[ But a rare decay exists to y + N 1 . |
. . . . . B2 0.4 0.6 0.8 1 ‘ 1.2 14 _

A MiniBooNE cannot distinguish - N

y from e~
&)
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[ Neutral current neutrino interaction: S
v+N=v+A(1232) g =

A A(1232) mostly decays to T + N A
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4 A production rate measured T
in A = 1T+ N il

[4 Pions may be absorbed
on their way out of the nucleus

O may excite another A resonance A

m A — v N enhanced — —

w background prediction enhanced

O or may be absorbed
w control region suppressed
- packground prediction enhanced  |oannisian 1909.08571

Giunti loannisian Ranucci 1912.01524

[A These effects have been modelled and
have been taken into account by MiniBooNE

CE/RW
.

NS
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https://arxiv.org/abs/1909.08571
https://arxiv.org/abs/1912.01524

IZ Uncertainty in BR(A = yN)
O PDG: 0.55-0.659,
O no measurements

M Even larger uncertainties for \
heavier resonances e

4 How reliable is the background estimate?

CE/RW
\
N4
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No successful explanation
for the anomaly exists

But theory uncertainties are
large and difficult to quantity

——ctamEmReSEESEENET
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New Neutrino Interactions
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Weak Effective Field Theory

Coloma Esteban Gonzalez-Garcia Maltoni arXiv:1911.09109
Biggio Blennow Fernandez-Martinez arXiv:090/.0097

18
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https://arxiv.org/abs/1911.09109
https://arxiv.org/abs/0907.0097

Weak Effective Field Theory

[ EFT valid below the electroweak scale

[:NSI,NC — Z 2\/§GF€£§(DQWMPLV5)(f7“Pf) —+ h.c.

f)aaﬁ
/,P B —
Lastee = Y. 2V2Grpel " (U Prls)(fy"Pf) + hoc.
i a.p
Coloma Esteban Gonzalez-Garcia Maltoni arXiv:1911.09109
Biggio Blennow Fernandez-Martinez arXiv:090/.0097
EN ‘ \‘,} BEAEoRM e;rc 8



https://arxiv.org/abs/1911.09109
https://arxiv.org/abs/0907.0097

Weak Effective Field Theory

CE/RW
.

NS

dim-6 operators

LNSING = Y 2\/_GF5a

fa,p S
P 7
Lnsicc = Y 2f2GFs££ (Va’Y,uPLZB)(f/’YMPf) +h.c.
i a,B
Coloma Esteban Gonzalez-Garcia Maltoni arXiv:1911.09109
Biggio Blennow Fernandez-Martinez arXiv:090/.0097
‘ \‘,} L. erc .



https://arxiv.org/abs/1911.09109
https://arxiv.org/abs/0907.0097

Weak Effective Field Theory

dim-6 operators

IZ EFT valid below the electroweakscale | //

dimensionless coefficients

(strength of new interactions
relative to SM weak interactions)

Coloma Esteban Gonzalez-Garcia Maltoni arXiv:1911.09109
Biggio Blennow Fernandez-Martinez arXiv:090/.0097

&) JG‘U 18
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https://arxiv.org/abs/1911.09109
https://arxiv.org/abs/0907.0097

Weak Effective Field Theory

dim-6 operators

IZ EFT valid below the electroweakscale | //

dimensionless coefficients

(strength of new interactions
relative to SM weak interactions)

[F] NC: non-standard matter effects

Coloma Esteban Gonzalez-Garcia Maltoni arXiv:1911.09109
Biggio Blennow Fernandez-Martinez arXiv:090/.0097

cﬁw
\
/S
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https://arxiv.org/abs/1911.09109
https://arxiv.org/abs/0907.0097

Weak Effective Field Theory

dim-6 operators

IZ EFT valid below the electroweakscale | //

dimensionless coefficients

(strength of new interactions
relative to SM weak interactions)

[F] NC: non-standard matter effects

[4 CC: anomalous production and detection

Coloma Esteban Gonzalez-Garcia Maltoni arXiv:1911.09109
Biggio Blennow Fernandez-Martinez arXiv:090/.0097

cﬁw
\
/S
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https://arxiv.org/abs/1911.09109
https://arxiv.org/abs/0907.0097

Anomalous Neutral Currents
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https://arxiv.org/abs/1911.09109

Anomalous Charged Currents

[ Interesting new opportunity: FASERv at the LHC

FASER main detector FASERv
Lo * i
lori : ino d ATLAS IP
EM calorimeter = Magnetic spectrometer neutrino detector ,
F ! magnet FASER -4m \
_FASER center I._LWEN:__Q_SEH_T ~FASER -2m ,

[ E— — ' f 1/ TN\

e e mom

/ .
/ / ' . \_ Trench gradient breakpoint
- i / (to follow the gradient of the tunnel from this point)

f l
SLAB Second phase/ SLAB First phase/ WATERPROOFING MEMBRANE| LEAN CONCRETE,
THK=50cm THK=25¢cm Width=100cm (each 7.2 meters) THK=20cm

https://faser.web.cern.ch/about-the-experiment/detector-design/fasernu

cEn)) ‘ \‘,} N ‘ e;rc ‘ ]G \ U

N4
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https://faser.web.cern.ch/about-the-experiment/detector-design/fasernu

Anomalous Charged Currents
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Near Detectors
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The Need for Near Detectors

M Large systematic uncertainties in
O Composition of neutrino beam
O Neutrino interaction cross sections

[ Dedicated detectors close to the source (“near detectors”)
measure the unoscillated neutrino event rate.

Sanford Underground

Research Facility Fermilab

~
~
N
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\
\
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N
~
~
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<1300 kilomete P
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The Need for Near Detectors

M Large systematic uncertainties in
O Composition of neutrino beam
O Neutrino interaction cross sections

[ Dedicated detectors close to the source (“near detectors”)
measure the unoscillated neutrino event rate.

Sanford Underground
Research Facility

Fermilab
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The DUNE Near Detectors

Cﬁw Neutrino
\ \) PLATFORM
NS

24



The DUNE Near Detectors

O similar to far detector

(cancel systematic uncertainties)
/

24
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The DUNE Near Detectors

\
ND Ar ] l_: { [
y \ o

Liquid Argon TPC

High Pressure Gas TPC + ECal

O excellent event reconstruction O similar to far detector
O magnetic field y (cancel systematic uncertainties)
D)

24

NS




The DUNE Near Detectors

3D Scintillating Tracker

0 CH> — neutrino interactions on free protons
(Nno nuclear physics)

© Neutron tagging

A

High Pressure Gas TPC + ECal

Liquid Argon TPC

O excellent event reconstruction O similar to far detector
© magnetic field (cancel systematic uncertainties)

Yy,

c@
\
N/ S

24




The DUNE Near Detectors

3D Scintillating Tracker

0 CH> — neutrino interactions on free protons
. (no nuclear physics)
© Neutron tagging

2z Movable Platform
| B 2P 1o take data both on-axis and
| off-axis (different beam spectra)

A

High Pressure Gas TPC + ECal
O excellent event reconstruction
© magnetic field

S
‘i{@’ ‘ \‘,} Neo ‘ erc ‘ ]G \ U

Liquid Argon TPC
O similar to far detector
(cancel systematic uncertainties)

24
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Example: Heavy Neutral Leptons

—2
10 - LNt O yLHN
[N—I/T mlxmg]
O — R
1074- ‘
%
N
\\»,‘
vy
N Ao
&@,?' :
210709 e [
I~ s Mpy o —— DUNE-PRISM
8 S@P HUSEA R ST . on-axis only
3 % 4. DN -==no background
S 10°% AR
pOO
L G
)
107104 Seama—
5.5 x 10%! pot, v-mode 90% CL, 1dof
10712 . —————y : — : ~—
1071 10° 10* 102

HNL mass [GeV]
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Example: Heavy Neutral Leptons

significant new

102 parameter space covered y L H N
1074
= 107
= —— DUNE-PRISM
o . on-axis only
= —==="no background
g 1078
&
| 2,
/J{/fl‘ e
10_10 h SeeSaW ) N
5.5 x 10%! pot, v-mode 90% CL, 1dof
10712 . —_— : ——— . e —
1071 10° 10! 102

HNL mass [GeV]

25
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Example: Heavy Neutral Leptons

significant new

107 parameter space covered yL H N
10-4-
= 1076
= —— DUNE-PRISM
o0 . on-axis only
= —==no background
g 1078 SRR
N off-axis runs
107194 Seesy = | v ad
i - Clearly advantageous
5.5 x 102 pot, v-mode (better signal-to-background ratio)
10_1120-1 O Tw o T

HNL mass [GeV]
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Summary
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[A Sterile Neutrinos:
O interesting hints, but inconsistent with null results
O extended models?
O SM explanations?

A New Neutrino Interactions
O anomalous matter effects
O new CC interactions: opportunities with LHC neutrinos

IZ Near Detectors
O parasitical “beam-dump” program
O DUNE-PRISM: improved S/B ratio off-axis

JG|u
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Thank You!
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Bonus Slides
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More on MiniBooNE
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Brdar JK, in preparation
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Testing the MiniBooNE Anomaly

[A FNAL Short-Baseline Program: 3 LAr detectors
[ Can distinguish y (background) from e* (signal)




Decaying Sterile Neutrinos?

Dentler Esteban JK Machado, 1911.01427
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https://arxiv.org/abs/1911.01427

Decaying Sterile Neutrinos?

[ |dea: production of sterile neutrinos that quickly decay
back into active neutrinos (+ light new scalar): vs = vy, + ®

LD —qUsVsh — Z MaB VaV3

A=€,,T,5

Dentler Esteban JK Machado, 1911.01427
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https://arxiv.org/abs/1911.01427

Decaying Sterile Neutrinos?

[ |dea: production of sterile neutrinos that quickly decay
back into active neutrinos (+ light new scalar): vs = vy, + ®

A Excellent fit to
MiniBooNE data

Dentler Esteban JK Machado, 1911.01427

CE/RW
.

NS

Dentler et al. 2019

5.+ |Ues|? = 0.002 MiniBooNE (v mode)
- U? = 00043 || data
= my = 425.22eV V. from
4 | mg/my = 0.82 i v, fromlll(
y myl" =2.1eV~ S
0 7% mis—id
> A-Ny
=Y Bl dirt
o | other backgnd. | ]
5 3+1 (MB best fit) | |
Q2. v4 decay (this work):
——— MB +null results | |
Syst. error
I.

0025 05 075 1. 125 15 175 2

Reconstructed Neutrino Energy E, [GeV|]
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https://arxiv.org/abs/1911.01427

Decaying Sterile Neutrinos?

[ |dea: production of sterile neutrinos that quickly decay
back into active neutrinos (+ light new scalar): vs = vy, + ®

g Excellent fit to Dentleretal. 2019 ___ e
o i 42 = 0.002 MiniBooNE (v mode) | ]
MiniBooNE data St |'5;,4I2 ~ 0004 — daa
'/é my = 425.22eV Ve from u
. . mgy/my = 0.82 v, from K
[4 Consistent with all N mal =21V || 70 mis-id
null results (incl. cosmology) 2 | R

| other backgnd. _
...... 3+1 (MB best fit) | -

v4 decay (this work):
—— MB +null results | |

7
—

Events / MeV

0025 0.5 075 1. 125 15 175 2.

Dentler Esteban JK Machado, 1911.01427 Reconstructed Neutrino Energy E, [GeV]
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https://arxiv.org/abs/1911.01427

Decaying Sterile Neutrinos?

[ |dea: production of sterile neutrinos that quickly decay
back into active neutrinos (+ light new scalar): vs = va + @

A Excellent fit to 0,012, Denter etal. 2019 i
MiniBooNE data 0.01;_7{99% CL mi=300ev .
A Consistent with all 000812
null results (incl. cosmology) .. |-
= 0.006F =
A with small extensions: ook §
consistent also with LSND
+ reactors + gallium 0.002}
oLl T
0. 0.0 0.02 0.03 0.04

Dentler Esteban JK Machado, 1911.01427
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https://arxiv.org/abs/1911.01427

More on the Reactor Anomaly
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Predicting Reactor Neutrino Fluxes

Ve flux from nuclear reactors is ~ 3.59% (~ 30) below
prediction

A Predicting reactor Ve fluxes:
O Use measured B spectra from 235U, 238U, 239Py, 241Pu fission
O Convert to Ve spectrum
O For single B decay: £y = 0 — E.
O Reality: thousands of decay branches, many not known precisely

O Use (incomplete) information from nuclear data tables ...
O ... complemented by a fit to “effective decay branches”

Mueller et al. 1101.2663, Huber 1106.0687
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https://arxiv.org/abs/1106.0687

Testing the Reactor Anomaly

M Four fissile isotopes in a reactor: 235U, 238U, 239Pu, 241Pu
M Different fission product distributions + secondary decays

lZAnaIyze isotope-dependence of the anomaly
O “New Physics” would be isotope-independent

O Problems with flux prediction are typically different
for different isotopes
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Isotope-Dependent Fluxes
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Isotope-Dependent Fluxes

4 Reactor fuel composition evolves with time (“burnup”)
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Isotope-Dependent Fluxes

4 Reactor fuel composition evolves with time (“burnup”)
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Isotope-Dependent Fluxes

[4] Reactor fuel composition evolves with time (“burnup”)
[F] Measure neutrino event rate as function of Fa3g

Daya Bay 1/04.01082
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Isotope-Dependent Fluxes

ol
o
o

(CERN h

Reactor evolves with time (“burnup”)
Measure neutrino event rate as function of Fo3g

New Physics: same deficit for all isotopes
-lux Misprediction: Isotope-dependent deficits

Daya Bay 1/04.01082
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New Physics or Flux Uncertainty?
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New Physics or Flux Uncertainty?
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New Physics or Flux Uncertainty?
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Is the flux from each Isotope really

time and burnup-independent?
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More on Global Fits
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Non-Equilibrium Effects [l Non-Linear Isotopes

lZf Neutron capture
on fission products
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Jafftke Huber 1510.08948, Daya Bay 1904.0/812
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Global Fit to ve Appearance Data
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Global Fit to ve Appearance Data

' 99% CL
2 dof

e T
101} =" =

:- Minl— o. L e

| BooNE v l/” :'

X | RN E776

ARUS (2014) ]

107!

DaR+DiF . ) ) ¥

103 102 107!
sin® 26,

Dentler et al., 1803.10661

JG|u

C@ Neutrino
\ ‘) PLATFORM
N4



https://arxiv.org/abs/1803.10661

Global Fit to ve Disappearance
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