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Accelerator neutrino experiments

protons Proton and _ Far detector
l Horn 1 Horn 2 Decayvolume Hadrondum Near detector Standard oscillations, €.g. v, = V, ; -
———— e .

Short-baseline: search for oscillations that develop
before atmospheric and solar frequencies.

L 100m

— N

E  100MeV

Can develop due to a light mostly-sterile neutrino:

AmZ, ~ O(1)eV?

-

Pl M. Hostert 8



Accelerator neutrino experiments

protons
Proton and I Far detector
l Horn 1 Horn 2 Decayvolume Hadrondum Near detector Standard oscillations, €.g. v, = V, ; °
———— —— e

. . - Am?[eV*]L[m]
Effectively a 2-neutrino oscillation system: =
Short-baseline: search for oscillations that develop d 4 A =127 E[MeV]

before atmospheric and solar frequencies.

L 100m Pyﬂ—wﬂ = 1- sin22<9Wsin2A = 1-4] Uﬂ4|2(1 — U, |*)sin®A
E 100MeV
2 2N 2
Can develop due to a light mostly-sterile neutrino: P, ., = 1-sin?20,sin”’A = 1=4|Uyl (1 —|Uyl")sin"A

AmZ, ~ O(1)eV?

~
1

VU, sin2296ﬂsin2A — 410,47 U, |*sin“A

-

Pl M. Hostert 9



The Short-Baseline Puzzle




LSND & KARMEN
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LSND & KARMEN

LSND: 1993 - 1998
Phys.Rev.D 64 (2001) 112007

1) 800 MeV proton beam, 1.8e23 POT. 1DAR source
2) 1 DAR and DIF:12° nu/p beam angle. . .

3) 7~ contamination: /v, ~ 8 x 10 * A A N "
4) Baseline of 30 m l

5) ~167 tonnes of liquid scintillator

+ _
6) 8.3 m long detector. et + v, + Y,

§ Lauren Yates
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= 15 Signal model not shown
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Excess: 87.9 +22.4 + 6 events
3.80 significance
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LSND & KARMEN

LSND: 1993 - 1998
Phys.Rev.D 64 (2001) 112007

1) 800 MeV proton beam, 1.8e23 POT. 1DAR source
2) 1 DAR and DIF:12° nu/p beam angle. . .

3) 7~ contamination: /v, ~ 8 x 10 * A A N "
4) Baseline of 30 m l

5) ~167 tonnes of liquid scintillator
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Excess: 87.9 +22.4 + 6 events More data was needed

3.80 significance

KARMEN: 1990 - 2001
Phys.Rev.D 65 (2002) 112001

1) 800 MeV proton beam, 6e22 POT.

2) 7 mostly DAR. Detector 90° from p beam.
3) 7~ contamination: Ze/P, =6.4-107*

4) Baseline of 17.7 m
s)
6)

~57 tonnes of liquid scintillator
3.5 m long detector.
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The MiniIBooNE excess

Latest MiniBooNE results:
MiniBooNE coll., Phys. Rev. D 103, 052002 (2021)
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The MiniIBooNE excess

Latest MiniBooNE results:

MiniBooNE coll., arXiv:2201.01724
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The MiniIBooNE excess
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Data-driven background estimates

1) Significance increases when restricting

Hourlier, Adrien, MiniBooNE Coll. Neutrino2020 to smaller fiducial volume
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Data-driven background estimates

1) Significance increases when restricting

Hourlier, Adrien, MiniBooNE Coll. Neutrino2020 to smaller fiducial volume
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We find that not even a combination of uncertainties in different channels adding up
unfavorably (an “Altarelli cocktail”) appears to be sufficient to resolve the MiniBooNE
Vedran Brdar!'22 and Joachim Kopp® 4P — anomaly. Varying the radiative branching ratios of the A(1232) and N(1440) resonances
by £20, however, reduces its significance from 40 to less than 30.

An Altarelli Cocktail for the MiniBooNE Anomaly?

arxiv:2109.08157

-

Pl M. Hostert 18


https://arxiv.org/pdf/2109.08157.pdf

Is there enough evidence for a sterile neutrino?

A v, = U, appearance oscillation implies

U, and vV, disappearance.
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Is there enough evidence for a sterile neutrino?

A v, = U, appearance oscillation implies

U, and vV, disappearance.
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v, disappearance

P. Machado - Neutrino 2020
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No vV, disappearance is observed,

-+

U, disappearance

Latest global-fit by J. M. Berryman et al, arXiv:2111.12530

15 ' y . VI y
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Reactors and gallium experiments have been
seeing (different) deficits in neutrino flux.

No single experiment gives conclusive evidence.

Inconclusive.

-

Pl M. Hostert

20



Is there enough evidence for a sterile neutrino?

N o |
Auﬂ U, appearance oscillation in . + v, disappearance

U, and U, disappearance. (1)

Huge progress.
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- —68% CL . ——— Latest global-fit by J. M. Berryman et al, arXiv:2111.12530
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107 F E
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Latest results from MicroBooNE

MiniBooNE

Highly Asymmetric e"e”




MicroBooNE

Disentangling the final states behind the low-energy excess

Liquid-Argon Time-Projection-Chamber (TPC)

3D images of charged particles produced in neutrino interactions

MicroBooNE is able to differentiate between electrons and photons:

I) vertex-shower separation i) dE/dx at the beginning of the shower
;g:’: 1001~ MicroBooNE NuMI Data 2.4x10% POT giét":f%:y lz:tt:t (Stat.)
e’ 5L S
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€ ~ [ Electron
MC + Beam-Off
\ Y A T J 40— [

Different Similar

20—

.-_- L e

% - 2 ﬁ***%ﬁ“”ﬂwﬁ

®

s‘:

Wouter Van De Pontseele Leadlng Shower dE/dx (Collectlon Plane) [MeV/cm]

10 cm BNB Run: 16341 Subrun: 27 Event: 1359
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Single-photon search

A(1232) radiative decay
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Electron-neutrino searches at MicroBooNE

Instead of an oscillation search, MicroBooNE performed a dedicated search for what they call:
the electron low-energy-excess signal model, a.k.a.

the eLEE template

What does it mean?

-
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Electron-neutrino searches at MicroBooNE

The eLEE template

MiniBooNE
non-v, backgrounds subtracted)

N

-MiniBooNE Simulation and Data

1__ + 6.46620 POT v-mode data

MC intrinsic v, event

Events/MeV

0_ s |
500 1000 1500 2000 2500

Reco ESF [MeV]

Central value of

(data); - (background),

-
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Electron-neutrino searches at MicroBooNE

The eLEE template

MiniBooNE MiniBooNE
(non-v, backgrounds subtracted) Unfolded, true spectrum

—_MicroBooNE Preliminary

—

N B OO 00O O N

. Unfolded MiniBooNE spectra

% MiniBooNE MC E, spectra

-MiniBooNE Simulation and Data

6.46e20 POT v-mode data
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1200 1400
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1000

“Unfold” detector resolution,
selection cuts, and efficiencies

Central value of into a true v, spectrum.

(data); - (background), Energy dependent modification
to the intrinsic v, rate.
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Electron-neutrino searches at MicroBooNE

The eLEE template

MiniBooNE
(non-v, backgrounds subtracted)

-MiniBooNE Simulation and Data

6.46e20 POT v-mode data
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|

MC intrinsic v, event

I 1 [ R |k ’%#‘
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“Unfold” detector resolution,
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to the intrinsic v, rate.
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Electron-neutrino searches at MicroBooNE

The eLEE template

MiniBooNE MiniBooNE ....analysis 1
(non-v, backgrounds subtracted) Unfolded, true spectrum

> — MicroBooNE Prelimina
> 12— y . Unfolded MiniBooNE spectra
© [MiniBooNE Simulation and Data = C MicroBooNE Simulation
= - ~ L .
5 i %1 o~ % MiniBooNE MC E, spectra > o 2
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“Unfold” detector resolution,
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(data)i - (baCkground)i Energy dependent modification given MicroBooNE anaIySiS.
to the intrinsic v, rate.

Central value of

-

Pl M. Hostert 29



Electron-neutrino searches at MicroBooNE

MicroBooNE's three-prong approach

Different reconstruction algorithms and focus on different event classes

CCQE: lelp Pion-less: 1¢1X (except 7x) Fully inclusive: 1elX
(Deep-Learning ) (Pandora-based) (Wire-Cell)
v, e
\// U, e UV, e
\»\/’/ \/‘/

S X X
n ot Ar (except 1) Ar

-
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Electron-neutrino searches at MicroBooNE

MicroBooNE's three-prong approach

Different reconstruction algorithms and focus on different event classes

CCQE: lelp Pion-less: 1¢1X (except 7x) Fully inclusive: 1elX
(Deep-Learning ) (Pandora-based) (Wire-Cell)

S X X
n o+ Ar (except 1) Ar

45 MicroBooNE 6.369 x 10*° POT
MicroBooNE 6.67 x102° POT 4 Data (25) —e— BNB data, 338 " Pred. uncertainty
20.0 B CC v, (25.8) 1eNpOm ve selection 1e0pO0m v, selection 40 [ ] Others, 10.0 NC, 22.5
Fitted 20.0 CC, 19.3 = v, CC, 333.1
Background (3.2) MicroBooNE 6.86 x102° POT MicroBooNE 6.86 x102° POT v, CC, 19. v, CC, 333.
17.5 LEE (=1 : 20.0 1 —— constrained prediction v other: 5.5 17.5 - —— constrained prediction v with 1°: 8.6 > 35 === eLEE Model (X:I), 37.0
SR S S S S S S S S S S S S s I?/Iode(lx(_ll).G) 17.51 — gL'iE.;"O;‘;(':();zl)i 93 " ;LEC[; 7t5-464 —— eLEE model (x=1): 3.3 ve CC: 12.8 (D) e
. utside : 0. ata: . . . -
v 15.0 ) Constrained > BN Cosmics: 0.8 Uncertainty > 15.01 -+ W= Outside TPC: 0.5 4 BNB Data: 34 2 30 - EETT
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Electron-neutrino searches at MicroBooNE

The technical conclusion

For instance, in the Inclusive analysis: @ MicroBooNE Observed
) 5 - Predicted, no eLEE (x = 0.0)

— Predicted, w/ eLEE (x =1.0)

45 MicroBooNE 6.369 x 10°° POT
—e— BNB data, 338 .~ Pred. uncertainty
40 ] Others, 10.0 NC, 22.5
v, CC, 19.3 . 1v.CC,333.1
> 35 = = = eLEE Model (x=1), 37.0
D :

2.0 A

o

E 20 E . J ) ...;;;.;iﬁ..é _ -
g SR | 158 |
> 15 : + g L

a9

1.5+

1.0 A

10F 2

___________ | = =
0 500 1000 1500 2000 2500
Reconstructed E, (MeV)

0.5 -

Events Observed / Predicted (no eLEE)

No excess observed

+ slight deficit of events.

From MicroBooNE coll., arXiv:2110.14054
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Electron-neutrino searches at MicroBooNE

H lines: . .
eadlines But several questions remain:

Neutrino result heralds new chapter

in physics

1. How about MiniBooNE systematics?

Scientists find no hint of sterile

neutrino PHYS = .ORG

MicroBooNE experiment’s first results show no hint of a

sterile neutrino 2t Fermilab
bt 3. Are all explanations disfavored?

Sterile neutrinos ruled out by MicroBooNE, but mysterious

excess remains unexplained physicsworld



Q1

How about MiniBooNE systematics?



Interpreting the MicroBooNE results in light of MinIBOONE systematics

New templates

By how much can we deviate from the central
value of the eLEE?

200---=
I I
j | eELEE (“even-lower-energy” excess) p,..,; = 10%
150 | .
- R
S |
Z 100~ . eLEE (nominal energy excess) )
- i !
> ==
© I I-——1 eFEE (flat-energy excess)
50 i I L_-l ______ 1 |
i |j==F=== =" ====- LI
—=== T Sy—— l
I b | |
Of | e ————m Y
200 400 600 800 1000 1200

E?E

What we call “the MiniBooNE excess” is very dependent
on the background systematic uncertainties

-

Pl M. Hostert 35



Interpreting the MicroBooNE results in light of MinIBOONE systematics

New templates

By how much can we deviate from the central

value of the eLEE?

200 ===~ R
[ i eELEE (“even-lower-energy” excess) p,.,; = 10%
150 | :
- R
S |
Z 100 . eLEE (nominal energy excess) i
- i !
> ==
© I I-——1 eFEE (flat-energy excess)
50+ I L__| _____ )
I e - | I
——=- R S— I ]
I b | |
O, . | I""T"""T"""T'JT
200 400 600 800 1000 1200
EQE
What we call “the MiniBooNE excess” is very dependent

on

the background systematic uncertainties

MiniBooNE 2018

Argiielles et. al. 2021

nominal
template 1 =—
template 2 =

3+1 best-fit ===
backgrounds

data

1.0 1.9

Reconstructed EZ" (GeV)

MicroBooNE 2021 (Inclusive FC unconstrained)

=
24' —-
) Tt
S 2- T
]
0
0.9
Unfold
> 40_
D)
=
o
) S
~- 20 -
5
—
]

-
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template 1 =

template 2 = backgrounds

3+1 best-fit =r===-- data +

1.0 1.5 2.0 2.9
Reconstructed F, (GeV)



Interpreting the MicroBooNE results in light of MinIBOONE systematics

Generalizing the template analysis

Our new approach:

Using a toy MCMC we generalize the MicroBooNE
analysis to include systematic uncertainties:

1)

2)

3) Compute the MicroBooNE prediction with unfolding method,
)

4

Vary the normalization of 4 classes of MiniBooNE backgrounds,
Compute the MiniBooNE p-value,

Compute the )(2 of the new template at MicroBooNE

-
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Interpreting the MicroBooNE results in light of MinIBOONE systematics

Generalizing the template analysis

Our new approach:

Using a toy MCMC we generalize the MicroBooNE 20 - R
analysis to include systematic uncertainties: : " AUl
- » 20 - NGON
1) Vary the normalization of 4 classes of MiniBooNE backgrounds, - ool N
. A :
2) Compute the MiniBooNE p-value, 1 A¢=16 ¢ ;;'}3_-’;;__’_ ____________________________________________________
o®
3) Compute the MicroBooNE prediction with unfolding method, " 15 -
a3 -
4) Compute the y” of the new template at MicroBooNE 5 p > 10%
10 - p > 80%
MicroBooNE 2021 (Inclusive FC unconstrained) |  Se& L
40 - nominal —— template 2 = backgrounds 1
% template 1 = 341 best-fit === data + 5 -
s 1 e T
8
<204 Hal'tTpw+ 0 | @ ¥= A=l Argielles et. al. 2021
% O | | | I
z 0.0 0.5 1.0 1.5
e S signal strength = N/Nygg
0.0 0.5 1.0 1.5 2.0 2.5
p[ M. Hostert Reconstructed E, (GeV) 38



Q2

What are the limits on sterile neutrinos?



Sterile neutrinos at MicroBooNE

FIXxed-background approach

Using MicroBooNE data releases: Oscillation search for appearance only:
(Inclusive* and CCQE) v, = U,

we perform an oscillation analysis
to derive the limits on sterile neutrinos.

Only spectra
Inclusive and
: covariances .
Energies | available* Energies |
Backgrounds. T Backgrgunds l
Statistics | Statistics |
Intrinsics | Intrinsics |
MicroBooNE 2021 (Inclusive FC unconstrained) . MicroBooNE 6.67 x102° POT i Eztj <(2255) it
40 - nominal — template 2 == backgrounds E‘;tcedroun 2
% template 1 === 341 best-fit == data B e o e o e s e s &%%;eﬁx(ﬂ):)w )
S :
2 % 15.0 — Constrained
8 Uncertainties
=90 - _]_
n
i T
(P ————
0.0 0.5 1.0 1.5 2.0 2.9 7200 400 600 800 1000 1200
Reconstructed E, (GeV) Reconstructed Ey (MeV)

-
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Sterile neutrinos at MicroBooNE

FIXxed-background approach

Using MicroBooNE data releases: Oscillation search for appearance only:
(Inclusive* and CCQE) v, =V, 102 - Argiielles et al. 2021
we perform an oscillation analysis - )>
to derive the limits on sterile neutrinos. ' (/’ 3 MiniBooNE
10 7 \\\ > lo
: \\) )/> 20
_ Only spectra ] R 3
Inclusive and — : o d
: covariances . > \
Energies 1 2vailable® Energies | 2, . N \
Backgrounds. | Backgrounds | NS@ ..
Statistics | Statistics | < By
Intrinsics Intrinsics |
1071 -
MicroBooNE 2021 (Inclusive FC unconstrained) MicroBooNE 6.67 x102° POT 4 Data (25) .
20.0 B CC v, (25.8) 4
40 - noming] —— template 2 == backgrounds 175 Ei;tci%round (3.2) ] MicroBooNE 30
% template 1 == 341 best-fit === data - 5 S S S S S S S —— I‘\?/ILO%EQIXE)S) . S
= 3150 e Inclusive AN
o | Uncertainties . CCQE
820- + 1072 ————rr ——r ——— ——rr
g + s 104 1073 1072 107} 1
-2 _
™ é:{: + sin (20,,.) = 4|Uu4|2|Ue4|2
= S — =
00 05 10 15 20 25 200 400 600 800 1000 1200
Reconstructed E, (GeV) Reconstructed E; (MeV)
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Sterile neutrinos at MicroBooNE

FIXxed-background approach

. . _ Oscillation
Using MicroBooNE data releases: Oscillation search for appearance only: Sensitivity vs limit
(Inclusive® and CCQE) v, >V, 10 : Argiielles et al. 2021

we perform an oscillation analysis
to derive the limits on sterile neutrinos.

Lol I I —

10 3

Data
- == Asimov

-

Only spectra

Inclusive and

. N
. covariances . >
Energies | S aliabio? Energies | o,
Backgrounds. | Backgrounds | Ngg 1 -
Statistics | Statistics | <
Intrinsics | Intrinsics |
~1
MicroBooNE 2021 (Inclusive FC unconstrained) oo MicroBooNE 6.67 x102° POT i paia ((2255).8) 10
= 40 - noming] —— template 2 = backgrounds 175 Ei;tci%round (3.2) ] MicroBooNE 3o
O template 1 == 3+1 best-fit === data <% | - I‘\?/ILO%EQIXE)S) .
E 215.0 — Constrainé_d InCluSlve
8 | Uncertainties _2 CCQE
: T T 1074 1078 102 10! 1
™ e + sin® (20,..) = 4|U u4|2|U ed|’
g
0.0 0.5 1.0 1.5 2.0 2.5 7200 400 600 800 1000 1200
Reconstructed E, (GeV) Reconstructed E, (MeV)
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Sterile neutrinos at MicroBooNE

FIXxed-background approach

Signal Constraints Background Constraints
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Sterile neutrinos at MicroBooNE

Oscillated-background approach

Fully consistent oscillation search:

%
Yu = Py

v, =V,
y€_>1/€

Backgrounds are “oscillated”.

A sterile neutrino interpretation of the
MiniBooNE anomaly is still allowed

by MicroBooNE data at 30
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Sterile neutrinos at MicroBooNE

“Joint fit” of MiniIBooNE and MicroBooNE

MiniBooNE coll., arXiv:2201.01724

To properly assess the impact of MicroBooNE on

steriles, we need a “joint fit” w/
MiniBooNE coll., arXiv:2201.01724

MicroBooNE + MiniBooNE data. ——— 341 MiniBooNE Fit

341 Combined Fit

*  Best Fit
101 —E . e . -‘.' 10-
:. g "_.o' %....... R 20-
:t‘,g o ,';;ﬁ,;::jr r&.: ..-!,!!!,;.;?!i ;i.-.-.n.'. . . 30
A “joint fit" performed by MiniBooNE collaboration, 1 g e IR

using MicroBooNE’s CCQE data (the less sensitive one).

Am?Z, [eV?]
2

Suggests that MicroBooNE’s data does not have a big impact
~1
on the MiniBooNE regions of preference. 10

10_2 JELIL NN | ' DL L L LI LN T T T TTTT] T T T T T1r7

1073 10~ 10~ 10
No correlations included. sin”(20,,¢)
This is important (same beam, “similar’ cross sections).
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Sterile neutrinos at MicroBooNE

Oscillated-background approach

Can the deficit of v, events at MicroBooNE
be interpreted as evidence for v, disappearance”?

P. Denton, arXiv:2111.05793

1.0
al 0.8 o)
?11:1
3 edict
30 | edict
=
O P. Denton, arXiv:2111.05793
— 20t
% : 103E . — :
g |
210}
o 10% ¢
0.0
101
100 T - :
*  Wire-Cell best fit Gallium best ﬁt
Wire-Cell 1o Gallium 16 : = RAA 20
1 Wire-Cell 20 Gallium 26 * +***** Solar 20
10— N N s N —— 1. N N N N —
102 101 10
sin2(2914)
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Sterile neutrinos at MicroBooNE

Oscillated-background approach

102
Can the deficit of v, events at MicroBooNE
be interpreted as evidence for v, disappearance”?
_ 10
. > i
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with a significance of 0.95¢.

We conclude that our results are consistent
with no v, disappearance.

The discrepancy with P. Denton may arise from:

1) Including all “side-band” samples and their correlations
i) Implementing detector smearing consistently
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Q3

Are all explanations disfavored?



Dark neutrino sectors

Heavy neutrinos interacting via the dark photon

Neutrinos up-scatter into HNL,
which promptly decays via

N —ete” + F

vV A. Abdullahi, MH, S. Pascoli, arXiv:2007.11813
Vi N el ‘ ma =74 MeV, ms =146 MeV, mg =220 MeV
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V/J, n w‘“,f‘ ‘ 2 100 - coh Ng — N4 (28 events)
& ’ § incoh Ng — N4 (51 events)
Carbon ;
3 50 -
P4
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0 -
E. Bertuzzo et al., PRL121.241801 0.2 0.4 0.6 0.8 1.0 1.2
P. Ballett et al, PRD 99.071701, and others. Eyis/GeV
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Dark neutrino sectors

Heavy neutrinos interacting via the dark photon

A. Abdullahi, J. Hoefken, MH, D. Massaro, S. Pascoli, in progress

Neutrinos up-scatter into HNL,
which promptly decays via

Carbon

E. Bertuzzo et al., PRL121.241801
P. Ballett et al, PRD 99.071701, and others.

Upcoming: dedicated MC generator for new physics
In neutrino-nucleus scattering

Ax? for E,, MiniBooNE, Dirac, 3+1
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MicroBooNE searches for e+e-

New generation of Liquid Argon detectors at Fermilab can search for (e+e-) events and will test MiniBooNE results.

Currently investigating these signatures in LAr together with microBooNE single-photon group.

,,,,,, ) Poing;, 1S1T - mock example
................................ g
. A N
fap? A o |
% A4 '

At Shower !
1S0T 250T : no proton so smaller efficiencies, but enhanced in LAr (A2 coherent.)
1817 251T : shower displaced from proton. Mostly photon-like showers.

uBooNE _
TN
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Conclusions

The MiniBooNE “electron-like” excess remains unexplained.

For the first time, MicroBooNE has shed light on the origin of the excess in a LArTPC.

Other models still untested,
including e+e- pairs, single (coherent) photons, and other v, models.

Thank youl!
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