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e The short-baseline puzzle
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Arguelles et al, arXiv:2111.10359

* Interpreting the latest MicroBooNE results
* Model-independent considerations
 The impact on an eV-sterile neutrinos
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e Future directions:
 More data at short-baseline detectors
« Alternative explanations (e+e-, coherent photons, etc)
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https://arxiv.org/pdf/2111.10359.pdf

Open questions in the neutrino sector

Neutrino osclillation experimental program

* |s there CP violation in the lepton sector?

* Which neutrino is the heaviest, 3 or 2 (Normal or Inverted Ordering)?

« Can we measure and over-constrain the PMNS, like CKM?
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Neutrino osclillation experimental program

* |s there CP violation in the lepton sector?

* Which neutrino is the heaviest, 3 or 2 (Normal or Inverted Ordering)?
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Open questions in the neutrino sector

Neutrino osclillation experimental program

* |s there CP violation in the lepton sector?

* Which neutrino is the heaviest, 3 or 2 (Normal or Inverted Ordering)?

« Can we measure and over-constrain the PMNS, like CKM?

This talk:

Short-Baseline Neutrino Program at Fermilab
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* Do we see any more surprises along the way? "New” new physics? @
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Open questions in the neutrino sector

Neutrino osclillation experimental program

* |s there CP violation in the lepton sector?

* Which neutrino is the heaviest, 3 or 2 (Normal or Inverted Ordering)?

« Can we measure and over-constrain the PMNS, like CKM?

Can also have important consequences
for this program

This talk:

* Do we see any more surprises along the way? "New” new physics?

Short-Baseline Neutrino Program at Fermilab

SBND

MicroBooNE

ICARUS
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Some context



Some context and oscillation notation

Accelerator neutrino experiment:

protons Proton and tector
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Some context and oscillation notation

Accelerator neutrino experiment:

protons Proton and tector
l Horn 1 Horn 2 Decayvolume Hadrondump Near detec
—
T ———— —— T—— E
- —————— A ———— e T, K — H U/J
V/’l' % Ve
/\ B-field

TT]IITITT

LELELEN LR R N B L BB NLELEL N LR
LEO10/0kA LEO10/185kA 1

SBL oscillations can develop due to a mostly-sterile neutrino:
Am?, ~ 6(1) eV*

: 2 axs2
i Effectively a 2-neutrino oscillation system: A =1.27 Am7{eV7] Lim]

H '!'141 | i::'

o A T o I, E[MeV]
0 20 40 60 80 100 12 20 40 60 80 100 120
z. Pavlovic, PhD thesis | INEUtrino Energy (GeV)
P, ., = 1-5in?20,5in°A = 1=4[Uyul (1~ [U,l"sin* A
Short-baseline: search for oscillations that develop Pve—we = 1-—sin’20,,sin*A = 1 =4 U, |*(1 — | U,4|*)sin® A
before atmospheric and solar frequencies.
L 100 m
E 100 MeV P, ., = sin’20,sin®A = 4| Uy |?| U,y |*sin® A
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The Short-Baseline Puzzle




The Short-Baseline Puzzle
(a historical detour)




Some history — SBL neutrino oscillations

Short-baseline oscillations have been discussed for a long time — even before we figured out the resolution to the Solar problem.

PS-191 (1984 at CERN) E-734 (1984 at BNL)
Phys.Lett.B 181 (1986) 173-177 Phys.Rev.D 31 (1985) 2732
A total of 23 = 8 excess events (30). PS191 excess not seen at E734.

-
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Some history — SBL neutrino oscillations

Short-baseline oscillations have been discussed for a long time — even before we figured out the resolution to the Solar problem.

PS-191 (1984 at CERN) E-734 (1984 at BNL)
Phys.Lett.B 181 (1986) 173-177 Phys.Rev.D 31 (1985) 2732
A total of 23 = 8 excess events (30). PS191 excess not seen at E734.

i PS191 detector moved
to BNL, behind E734.

E-816 (1986 at BNL)

Nucl.Phys.B 335 (1990) 517-545

Reports a 20 excess.

(ve/14)
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=2.2x0.6
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Some history — SBL neutrino oscillations

Short-baseline oscillations have been discussed for a long time — even before we figured out the resolution to the Solar problem.

PS-191 (1984 at CERN) E-734 (1984 at BNL)
Phys.Lett.B 181 (1986) 173-177 Phys.Rev.D 31 (1985) 2732
A total of 23 = 8 excess events (30). PS191 excess not seen at E734.

i PS191 detector moved
to BNL, behind E734. E-776 (1986 at BNL)

Phys.Rev.Lett. 68 (1992) 274-277
Phys.Rev.Lett. 62 (1989) 2237-2240

E-816 (1986 at BNL) Initially reports 20 excess, but final result
Nucl.Phys.B 335 (1990) 517-545 shows no excess.

Reports a 20 excess.

(ve/14)
(ye /yﬂ)pred

=2.2x0.6
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Some history — SBL neutrino oscillations

Short-baseline oscillations have been discussed for a long time — even before we figured out the resolution to the Solar problem.

Gregorio Bernardi, 1988 ICHEP 88. HEP-88-11
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E-816 (1986 at BNL) Initially reports 20 excess, but final result < \\;!-;i-.i\ .. s
Nucl.Phys B 335 (1990) 517-545 shows no excess. L " I
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https://inspirehep.net/authors/1016588

The Short-Baseline Puzzle
(Several years later...)




LSND & KARMEN

LSND: 1993 - 1998 KARMEN: 1990 - 2001
Phys.Rev.D 64 (2001) 112007 Phys.Rev.D 65 (2002) 112001

nDAR source

SBL — —
oscillation

Inverse-Beta-decay detection

-

Pl M. Hostert 17



LSND & KARMEN

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

1) 800 MeV proton beam, 1.8e23 POT.
2) 1 DAR and DIF:12° nu/p beam angle.
3) - contamination: Ue|Dy ~ 8 X 104 Tt — u+ + V
4) Baseline of 30 m |

5) ~167 tonnes of liquid scintillator

6) 8.3 m long detector.

nDAR source

)]
7))
§ 17.5 | ® Beam Excess SBL v % v
W T | . : : e
E 15 P, oscillation H
O o€’
L 7125 |
s p € ”::?A:e
> /\Q\m

0.4 0.6 0.8 1 1.2 1.4

L/E, (meters/MeV) Inverse-Beta-decay detection

Excess: 87.9 £ 22 .4 £+ 6 events

3.80 significance
We needed more data.

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

1) 800 MeV proton beam, 6e22 POT.

2) 1 mostly DAR. Detector 90° from p beam.
3) - contamination: Dp /U, =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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energy prompt event

Ol
o

[MeV]

No excess observed,

but could not exclude LSND results.
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The MiniIBooNE excess

Latest MiniBooNE results:

MiniBooNE coll., Phys. Rev. D 103, 052002 (2021)

MiniBooNE Collaboration, 0806.1449
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To this day, the most sensitive SBL
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4.80 significance
Systematics limited
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The MiniIBooNE excess

Latest MiniBooNE results:

MiniBooNE coll., Phys. Rev. D 103, 052002 (2021)

MiniBooNE Collaboration, 0806.1449
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Data-Driven Background Estimates

1) Significance increases when restricting

Hourlier, Adrien, MiniBooNE Coll. Neutrino2020 to smaller fiducial volume

L I 1 ] | I 1 ] L I | T 1 I | T L I | T L I L ) T |
e Data (stat err.)

—

> -
@ ® MisID A % . : , . Selection Excess Significance
- | ] v from u™ -
constrained from in situ c 'E = v, from ; . R <5m | 560.6 +119.6 4.70
measurement of NC n° (@ o Ve frqde° E R<4m | 458.6+81.9.5 5.60
_ rate : — e |1 Vefrompudecay R<3m | 190.1441.2 4.60
6 — E is constrained by in situ
A-> Ny resonance [ other . vy CCQE measurement
constrained from in situ 4 —— Constr. Syst. Error - _ 3
measured NC mn° rate and MiniBooNE preliminary - 2) Excess overlaps w/ beam time | ﬁ L
theoretical prediction 3 | 18.75 x 1020 POT — ve from K decay
(~ ) 1 Neutrino mode 1  constrained from in situ £ + | T
Dirt 2 ' E high energy events + o [ 2N =3 v from "
. o 5 — . . B —/ v, from K0
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Data-Driven Background Estimates

1) Significance increases when restricting

Hourlier, Adrien, MiniBooNE Coll. Neutrino2020 to smaller fiducial volume

> N LA R LB RN R IR ML R
[no MisID A % C o Dafta (staterr.) . Selection Excess Significance
- | ] v from u™ .
constrained from in situ c 'E = v, from K" - R <5m | 560.6 +119.6 4.70
measurement of NC @ F [ v, from K’ . R<4m | 458.6+81.9.5 5.60
- ) Ve ITOT =
_rate : — s 1 Vefrompdecay R<3m | 190.1441.2 4.60
s — E is constrained by in situ
A-> Ny resonance [ other . vy CCQE measurement
constrained from in situ 4 —— Constr. Syst. Error = _ &
measured NC n° rate and MiniBooNE preliminary - 2) Excess overlaps w/ beam time | W 5
theoretical prediction 3 | 18.75 x 1020 POT = ve from K decay - )

( ) , } Neutrino mode E cpnstramed from in situ 1 + _Dalatatom) |
Dirt . high energy events + o[ N C vefom
constrained from in situ | AH_'_\=|% 1| SciBooNE high energy v, T A
dirt data sample ; 1 | eventrate S — ol

N - - I dirt }
= [ other
0.4 0.6 0.8 1 1.2 1.4 3.0
E." (GeV)
100

0 5 10 15
Bunch Time (ns)

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

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

Is there enough evidence for a sterile neutrino?

A v, — U, appearance oscillation implies

v, and v, disappearance.

(\T‘102_ =T T T 11111 T T 1717
s | — 68% CL -
€t =t — 90% CL -
<0 Tt — 95% CL .
i s — 99% CL ]
10 |- ¢ } — 30 CL ]
- T 40 CL :
- < (— KARMEN2 i
- 90% CL i
i OPERA .
- 90% CL i
1 = =
107"
- LSND 90% CL
i LSND 99% CL
10—2 [Illlll | | IlIIIIl | | IIIIIII | | | | |
10~ 1072 10~ A
sin“26
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Is there enough evidence for a sterile neutrino?

A v, — U, appearance oscillation implies
v, and v, disappearance.

(\,’“102_|||||| T T 11T 1 T 1711
© | — 68% CL -
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< — 95% CL -
i —99% CL 7
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- 46 CL s
< KARMEN2 i
B 90% CL -
i OPERA ]
B 90% CL :

107

: LSND 90% CL
. LSND 99% CL N

10—2 IIIIII| | | Illllll | | lllllli | | | | |
107 1072 10~ , 1
sin“20

-

v, disappearance
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s ,
b MINOS/
o L MINOS+
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1072 101
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No v, disappearance is observed,

-+

v, disappearance

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

15 ' y . VI y
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| FC (bands) | FC (bands)
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I " (lines)
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2. ]t
=
or
or
4 i [ lo
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9 i | I 30
1_ = = N L * sznin .
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Reactors and gallium experiments have been
seeing (different) deficits in neutrino flux.

No single experiment gives conclusive evidence.

Inconclusive.

-
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Is there enough evidence for a sterile neutrino?

Av, — ran illation in i
v, — V, appearance oscillatio (1) e v, disappearance
v, and v, disappearance.

Huge progress.

<107 ..
s MiniBooNE and LSND stand ntler ot al 2018 Latest global-fit by J. M. Berryman et al, arXiv:2111.12530
E | as the most sensitive appearance 14 Resctor sols ] | Retorigalion U 5
i experiments to date. ; 13} ey ™ | [ e tho 2 ]
..’ ] 1l ‘ [ i
10 — — — 10f
- o S
: 3 @
i = 10° (2)
E i
1 St Still no coherent picture.
i N _
! 107" &) disay Steriles are also a major issue for cosmology, boo
_ ' combine and they just do not fit the global data well.
107 I
- 11 : : : :
N LSND 90% CL Clearly something more complicated is happening. have been
I trino flux.
- [LJEOND IR EL ‘ We needed a new generation of experimental searches. -
10—2 | Illlll | L1 llllll ] L1 IIIIII | I Ive eVIdence'
107 1072 107" -~ No v
sin“20
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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
.é 100— MicroBooNE NuMI Data 2.4x10?° POT gi??f?::y 2::; (Stat.)
2 8 E Sl
e 80— B Muon
(& B B Kaon
6— B V-,.i‘:;,;;" " N Pion
% k of g o =
€ LY " [ Electron
MC + Beam-Off
L - J L . J 40— i
Different Similar -
" . 20
coocooood e— 0 Nl [ 4 : R R n S
T~ | | e + : Jr + I ﬁ
> \ 2 + BRI -
lelp Y- . LIH +++ L
o s < i oy L [t
L : e S L. A . . . . .
Wouter Van De Pontseele Leadlng Shower dE/dx (Collectlon Plane) [MeV/cm]
FI M. Hostert 10cm  BNB Run: 16341 Subrun: 27 Event: 1359 27




Single-photon results

A(1232) radiative decay

V. Brdar and J. Kopp, arxiv:2109.08157

A-y background — with BR uncertainties

S 1200
) et MiniBooNE prediction
‘3 1000 [ GiBUU nominal
L GiBUU (BR *20)
Q,
2 V4 Y
S 800
>
(«)]
(<))
= 600-
3 Z
7
~ 400
Gy
(@]
o
2 200-
=
S
=

0 , , : , ,
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
reconstructed neutrino energy E, [GeV]
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https://arxiv.org/pdf/2109.08157.pdf

Single-photon results

A(1232) radiative decay

. > 2.5
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} o _ : . .
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[ — = 0 0 1
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Electron-neutrino searches at MicroBooNE

Relevant for explanations based on

oscillations or any effective v, — U, appearance signals.

10 cm BNB Run: 16341 Subrun: 27 Event: 1359

Instead of an oscillation search, MicroBooNE performed a dedicated search for what they call:
electron low-energy-excess (eLEE) signal model

This is justified given the issues with sterile neutrinos, but 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

R R ’ . ——
1500 2000 250
Reco ESF [MeV]

| I 1 | |
1000

. | | I 1 1 |
0500

eLEE template

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
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Electron-neutrino searches at MicroBooNE

The eLEE template

MiniBooNE MiniBooNE

(non-v, backgrounds subtracted) Unfolded, true spectrum
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Electron-neutrino searches at MicroBooNE

The eLEE template

MiniBooNE MiniBooNE ....analysis 1

(non-v, backgrounds subtracted) Unfolded, true spectrum
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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)
v, e
\// U, e UV, e
TT~S— TT~S—

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)
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Electron-neutrino searches at MicroBooNE

The technical conclusion

For instance, in the Inclusive analysis:

45 MicroBooNE 6.369 x 10>’ POT
—e— BNB data, 338 . Pred. uncertainty
40 [ ] Others, 10.0 NC, 22.5
v, CC, 193 v, CC,333.1
> 35 = = = eLEE Model (x=1), 37.0
O .

O = et NN e e ST T (NN S S S ST ST S S S G S S
0 500 1000 1500 2000 2500
Reconstructed E, (MeV)

No excess observed

+ slight deficit of events.

-
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Electron-neutrino searches at MicroBooNE

The technical conclusion

For instance, in the Inclusive analysis: Quantitatively:

MicroBooNE 6.369x10%° POT

30
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Reconstructed E, (MeV) ()0 0.5 : 1 et 15 >
eLEE strength
No excess observed eLEE strength:
the overall normalization
+ slight deficit of events. of the eLEE template.
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Electron-neutrino searches at MicroBooNE

The technical conclusion

Overall conclusions:

For instance, in the Inclusive analysis: Quantitatively: _ @ MicroBooNE Observed
L —  Predicted, no eLEE (x = 0.0)
, 3 257 —  Predicted, w/ eLEE (x = 1.0)
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45 MicroBooNE 6.369 x 10%°° POT E == MiniBooNE 68.3% (I (stat.) T 20-
—e— BNB data, 338 | Pred. uncertainty — MiniBooNE 68.3% CI (stat.+svst ) O
40 ] Others, 10.0 NC, 22.5 25 Inipoo D70 (stat.+syst. =
vy CC, 19.3 v, CC,333.1 - Q
> 35 - = = eLEE Model (x=1), 37.0 k= - a 1.5- —
[} i (‘I><: —_ -
= 30 T ' *F Bestit value 0.00 ks —*—
8 25 ) _- ' T mx—é u 68.3% CI (]EJ 10-
5 ~ITT T g T r 99.7% CI m
> 15 T -l- _______ a2 10 c 0.5
a8 A » A . S A i | > [ )
10 - g - — 1 < N L1>.I
5 : '___ + - L 5 :_ 0.0 | l 1 l
)= 2 = e T S S S o S - lelp 1leNpOnm 1eOpOm leX
0 500 1000 ; 1500 2000 2500 - 1 CCQE
R t t E M | SSIN | 1 1 1
econstructed E, (MeV) ()0 0.5 I 15 > | .
From MicroBooNE coll., arXiv:2110.14054
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No excess observed eLEE strength. Interactions are fully responsible for that excess
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+ slight deficit of events. of the eLEE template. at > 97% CL for both exclusive (1e1p CCQE,
1eNpO1r) and inclusive (1eX) event classes.”
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Electron-neutrino searches at MicroBooNE
The non-technical conclusions

Headlines:

Neutrino result heralds new chapter

in physics

Scientists find no hint of sterile

neutrino PHYS * .ORG

MicroBooNE experiment’s first results show no hint of a
sterile neutrino 2= Fermilab

Sterile neutrinos ruled out by MicroBooNE, but mysterious

excess remains unexplained physicsworld



Electron-neutrino searches at MicroBooNE
The non-technical conclusions

Headlines: What the community is really thinking:

Neutrino result heralds new chapter

111 thSICS 1. How about MiniBooNE systematics?
What happens if we deviate from the
Scientists find no hint of sterile central value of the eLEE template?
neUtI‘inO PHYS o ‘ORG
MicroBooNE experiment’s first results show no hint of a
sterile neutrino 2= Fermilab
3. Does MicroBooNE put an end

. . . . to the MiniBooNE anomaly?
Sterile neutrinos ruled out by MicroBooNE, but mysterious d

excess remains unexplained physicsworld



Q1

What happens if we deviate from the
central value of the eLEE template?



Interpreting the MicroBooNE results in light of MiniIBOONE systematics

New templates

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

200 ====
: | eELEE (“even-lower-energy” excess) p,.,; = 10 %
i I
1500 i
s T
L I | eLEE (nominal template)
Z 100~ :
- i l
D) li——'| |
- [ |
50! I"" "1 eFEE (flat-energy excess) p ., = 10%
T S e
- | - |
[ | I I |
Of, , i itsivininisisiivinivininiioirinie
200 400 600 800 1000 1200
EQE

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

-
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Interpreting the MicroBooNE results in light of MiniIBOONE systematics

New templates

200 |

150

events/bin

By how much can we deviate from the central

value of the eLEE?
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What we call “the MiniBooNE excess” is very dependent
on the background systematic uncertainties
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Interpreting the MicroBooNE results in light of MiniIBOONE 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 MiniIBOONE systematics

Generalizing the template analysis

Our new approach:

Using a toy MCMC we generalize the MicroBooNE 25 - R
analysis to include systematic uncertainties: : " AUl
. » 20 - DO
1) Vary the normalization of 4 classes of MiniBooNE backgrounds, - ...“ N
. A :
2) Compute the MiniBooNE p-value, 1 A¢=16 ¢ ;;'}3_-’;;__’_ ____________________________________________________
.. e}
3) Compute the MicroBooNE prediction with unfolding method, 0 15 7 . 'ISC("
a3 - * o M
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p[ M. Hostert Reconstructed E, (GeV) 47



Interpreting the MicroBooNE results in light of MiniIBOONE systematics

Generalizing the template analysis

MicroBooNE'’s sensitivity can be much weaker or stronger

Our new approach: to MiniBooNE templates that deviate from the nominal choice.
Using a toy MCMC we generalize the MicroBooNE 25 - R
analysis to include systematic uncertainties: : " AUl
- - 20 - Vil
1) Vary the normalization of 4 classes of MiniBooNE backgrounds, - ool .
- A :
2) Compute the MiniBooNE p-value, ;;';:-’»’ ____________________________________________________
.. o
3) Compute the MicroBooNE prediction with unfolding method, 0 15 7 . 'ISC("
N X - * ol M
4) Compute the )(2 of the new template at MicroBooNE <>]< : et p > 10%
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S  Hit et | = Argiielles et. al. 2021
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e M signal strength = N/Nygg
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~ Reconstructed E, (GeV)
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Interpreting the MicroBooNE results in light of MiniIBOONE systematics

Generalizing the template analysis

MicroBooNE'’s sensitivity can be much weaker or stronger

Our new approach: to MiniBooNE templates that deviate from the nominal choice.
Using a toy MCMC we generalize the MicroBooNE 25 7 R
analysis to include systematic uncertainties: : " AUl
o - 20 - i e
1) Vary the normalization of 4 classes of MiniBooNE backgrounds, - ool .
- A :
2) Compute the MiniBooNE p-value, ;;';:-’»’ ____________________________________________________
o®
3) Compute the MicroBooNE prediction with unfolding method, " 15 -
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4) Compute the y” of the new template at MicroBooNE 5 p > 10%
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Q2

Are sterile neutrinos excluded? If so,
where are the exclusion plots?



Sterile neutrinos at MicroBooNE

FIxed-background approach

Using MicroBooNE data releases: Oscillation search for appearance only:
(Inclusive* and CCQE) v, = U,
we perform an oscillation analysis Backgrounds are not “oscillated”.

to derive the limits on sterile neutrinos.

Inclusi Only spectra
nclusive and covariances
Energies 1 2l Aol Energies |
Backgrounds. 1 Backgrounds |
Statistics 1 Statistics |
Intrinsics 1 Intrinsics |
MicroBooNE 2021 (Inclusive FC unconstrained) MicroBooNE 6.67 x102° POT 4 Data (25)
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% template 1 341 best-fit == data >17'5 ----- &%%;eﬁx(ﬂ).:)w )
= 219 o e,
-
S
=90 4 _]_
n
T T
N e ——
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Reconstructed E, (GeV) Reconstructed E, (MeV)

-
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Sterile neutrinos at MicroBooNE

FIxed-background approach

Using MicroBooNE data releases:

Oscillation search for appearance only:

10?3 }
. . Argiielles et al. 2021
(Inclusive* and CCQE) v, = U, '
J
we perform an oscillation analysis Backgrounds are not “oscillated”. e BN
to derive the limits on sterile neutrinos. ( ~ HILDOO
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Sterile neutrinos at MicroBooNE

FIxed-background approach

Events/100 MeV

Using MicroBooNE data releases:
(Inclusive* and CCQE)

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

Inclusi Only spectra
inelusive and covariances
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Backgrounds. 1

Statistics 1

Intrinsics 1

MicroBooNE 2021 (Inclusive FC unconstrained)

Oscillation search for appearance only:

Backgrounds are not “oscillated”.
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Pl M. Hostert * efficiencies are derived from digitized smearing matrices.
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Sterile neutrinos at MicroBooNE

FIxed-background approach

Signal Constraints Background Constraints
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Sterile neutrinos at MicroBooNE

Oscillated-background approach

Fully consistent oscillation search:

%
Yu = Yy

v, >V,

y@ — De

Backgrounds are “oscillated”.
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Sterile neutrinos at MicroBooNE

Oscillated-background approach

A naive inspection of the v, spectra at MicroBooNE
suggests that v, disappearance may be at play.

P. Denton, arXiv:2111.05793
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Sterile neutrinos at MicroBooNE

Oscillated-background approach

Arqguelles et al, arXiv:2111.10359
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Q3

Does MicroBooNE put an end to the MiniBooNE anomaly?

Clearly the answer is still no.



Moving forward

Full oscillation analysis should still be pursued by within the Short-Baseline Neutrino Program at Fermilab
collaboration to confirm phenomenological study shown here. Targe SBND MioroBooNE (cARUS

But to move forward, we need decisive results:

The Short-Baseline Neutrino Program @ FNAL
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Other proposals remain untested

Several new proposals

New signatures:
eV
Gninenko 1107.0279 o “
Heavy neutrino O(MeV), magnetic moment, decay

Bertuzzo et al 1807.09877, Ballett et al 1808.02916,
Arguelles et al 1812.08768
Heavy neutrino O(1-100MeV), light Z', decay
\W. Abdallah et al 2010.06159 )\8‘*@/
Oscillations+:

Asaadi et al 1712.08019 cX\C,\\e“‘Be
Resonant matter effect N

Doring et al 1808.07460, Barenboim et al 1911.02329
eV steriles and extra dimensional shortcuts

ot C\e&
Qo

Liao et al 1810.01000
Steriles + NCNSI + CCNSI%&OC\“@

o)
Decay: oe\O"Q’\Q

. (AW
O. Fischer et al 1909.09561 9%
Long lived HNL O(MeV) mag moment

Bai et al 1512.05357, Dentler et al 1911.01427, de |
Gouvéa et al 1911.01447 w0

N
Heavy sterile O(keV-MeV) decay to ve W

-
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Other proposals remain untested

Several new proposals

Transition magnetic moment and

New signatures: N® g dark neutrinos.
Gninenko 1107.0279 woV“ Uy,
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Other proposals remain untested

Several new proposals

Transition magnetic moment and

New signatures: N® g dark neutrinos.
Gninenko 1107.0279 woV“ Uy,
Heavy neutrino O(MeV), magnetic moment, decay Vi I
New phySiCS N l\/\/\’ ¥ Eu 5 F,vio"" Ng
Bertuzzo et al 1807.09877, Ballett et al 1808.02916, In scattering £ ‘t
Arguelles et al 1812.08768 et
Heavy neutrino O(1-100MeV), light Z', decay C
W. Abdallah et al 2010.06159

Oscillations+: 0
Asaadi etal 1712.08019  , \\e®
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Other proposals remain untested

Several new proposals

New signatures:
Y
Gninenko 1107.0279 o “
Heavy neutrino O(MeV), magnetic moment, decay

Bertuzzo et al 1807.09877, Ballett et al 1808.02916,
Arguelles et al 1812.08768
Heavy neutrino O(1-100MeV), light Z', decay
\W. Abdallah et al 2010.06159 )\e)‘*@/
Oscillations+:

Asaadi etal 1712.08019 o
Resonant matter effect N

\\0\\?’“92

New physics
In scattering

dark neutrinos.

“a
l\/\/\’ }/ [.:u:?VFMVDLO'MVNR-
%7 Ly
> X
Syt

NSI's or even scattering on neutrino over-densitie »;(p)

Transition magnetic moment and

vi(p)
Doring et al 1808.07460, Barenboim et al 1911.02329 INeW phys![ps Lnc =—2V2Gr ) 5£’ﬁp('7a7“PLVﬂ)(f’7qu) h
eV steriles and extra dimensional shortcuts o n propagation fPaB e
C
0"
Liao et al 1810.01000 v; (k) v; (k)
Steriles + NCNSI + CCNSI, oo
o)
Decay: 0@ y
. ’ % goo\q' Decay-in-flight steriles ;
O. Fischer et al 1909.09561 ¢ 5 &
Long lived HNL O(MeV) mag moment New “visible” states H ”
Bai et al 1512.05357, Dentler et al 1911.01427, de | in the beam %é; -
Gouvéa et al 1911.01447 WO =
Heavy sterile O(keV-MeV) decay to ve W |. Esteban,10.5281/zenodo.3509890.
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Heavy neutrinos + dark forces to accommodate MiniBooNE

Neutrinos up-scatter into HNL,
which promptly decays via

Carbon

-
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Heavy neutrinos + dark forces to accommodate MiniBooNE

Neutrinos up-scatter into HNL,
which promptly decays via

N —ete” + F

Carbon

Dark sector coupled via neutrino portal + vector portal

€
L D — EF””XW +YyLHN +y (WpN)® + gp X (vpy'vp)

Light mediators (10 - 100s of MeV) Heavy mediators (~ GeV scale)
E. Bertuzzo et al., PRL121.241801 P. Ballett et al, PRD 99.071701
C. Argiielles, MH, Y. Tsai, PRL123.261801 + ...

+ ...

15

[

O

-
|

F‘

-
1

Excess events

Inter-generational decays (~GeV scale)

P. Ballett, MH, S. Pascoli arxiv:1903.07589
A. Abdullahi, MH, S. Pascoli, arXiv:2007.11813

mgq =74 MeV, msz =146 MeV, mg =220 MeV

0

coh N5 — N4 (186 events)
incoh N5 — Na (337 events)
coh Ng — N4 (28 events)
incoh Ng — Ny (51 events)

-
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Dark neutrinos @ MicroBooNE

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.

. 1S1T - mock example
........................... g
P N
fap?
Z/
Ar Shower
1S0T 2S0T : no proton so smaller efficiencies, but enhanced in LAr (A2 coherent.)
181T 251T : shower displaced from proton. Mostly photon-like showers.
uBoONE _
TN

-
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Conclusions

The MiniBooNE “electron-like” excess remain unexplained.

For the first time, MicroBooNE has shed light on the origin of the excess in a LArTPC
Showed that it can disentangle the individual final states and topologies really well.

Several other models still untested
lots of work to do in e+e- pairs, single (coherent) photons, and other v, models.

Thank youl!

-
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