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Standard Model

, Standard Model of Elementary Particles
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Short-Baseline Anomalies e e e
e T ]
M Reactor Neutrino Flux — Initially found issue of theory by T s ! it | Reactor ~ 26
Daya Bay experiment / Resolved with new input data to flux =} .. =\ 0a00000) 13705 e = e
calculation ]

L [m]

L] Neutrino-4 Reactor Spectra — |n tension with other

LS s

VSBL reactor v experiments OAa"gzazesvmz"af,i;ze(62595;0“533 iss)fiY;s?i;‘b;?fNeutriDan DN 290
[JThe Gallium Anomaly — BEST observed similar results & .2 o "
O The LSND Anomaly — JSNS2 will perform direct test = ..- /W

o6 Phys.Rev.D 104 (2021) , 032003

(I MiniBooNE LEE — Tested with MicroBooNE T e

Phys.Rev.D 64 (2001) 112007

] I I 1 1 l ] I I l 1 1 I [ 1 ] l 1

> - T 1 1 I T T T l ]
o - e Data (staterr.) - a2
u * 20 " - = [ 1.2
§ 7= BNB 18.75x10" POT — :e ;:gm I:(,/, — § 178 ® Beam Excess -
§ 7 == v, fom K] g S 1.1F Phys.Rev.C 105 (2022), 065502  GALLEX/SAGE ~ 3.16
6~ E T misid = S : - s obbe
| H- A —> Ny : 3 : EZ pEye’in = O Ve 7 VU
C 7 ] - L e = = e e
S I dir . @ 125F ,, = o oF
5 [ other — i 8 other LSND ~ 30 % -
i $ Constr. Syst. Error . 10 F = o8- { ______________________________________________ } __________________
H Best Fit = i U —> U = }
* 5 o . 7.5} YT e 0.7 |
. 4= MiniBooNE ~ 4.80 E : B T T S T
: . St <~ <5 < P = S
2 = 25F s R P\ S\ e <> <5
- ' ) ., ._ . ‘- ’ ’ . ’,..""",: S:. ~cerret s
_ P oo T as 5 Iu o o ifs s ol NI
8 — 0.4 0.6 0.8 1 1.2 1.4
2 0.4 0.6 1.4 3.0 3

0.8 1 1.2
Phys.Rev.D 103 (2021), 052002 E™ (GeV) L/E, (meters/MeV)



MiniBooNE anomaly [Low Energy Excess]

Phys Rev D 103 2021 052002

+ MiniBooNE (2002-2019) observed the LEE § [+ sve 7o ror %4. :
of electromagnetic events with 4.80 T = -
Sig n ificance ) ,_+_ E gC;E)]tr(:tr. Syst. Error _;

* MiniBooNE Cherenkov detector: LS 480 Excess E
 unable to distinguish between electrons . == -

and photons 1 e, =
» unable to detect hadronic final-state 204 Tos 082 :
particles below Cherenkov threshold i
t detected v_by the electrons —

* |s excess due to electron neutrinos ——
appearing in the muon neutrino beam? Or -
photons’? Or some other electromagnetic verer photons it oot x¢
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produce extremely collimated
Lr aCtIVIty? electron/positron pairs produced’\\ <

an identical Cherenkov ring
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MicroBooNE Experiment . . .o

Beam

v) o

 MicroBooNE is a surface-level, 85 tonne LArTPC neutrino experiment
at Fermilab -

Experiment Description:

* | ocated at Booster Neutrino Beamline (same as MiniBooNE)
MiniBooNE
e ® Also receives NuMI beam

@ 468.5 m

e Collected data from 2015-2021. [Results use 2 this date

- e

Target Hall

— .



MicroBooNE Experiment . . .o

Beam T I.
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* |nvestigate MiniBooNE
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e Neutrino cross sections
 BSM searches
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Liguid Argon Time Projection Chamber (LArTPC)

Charged particle enters detector
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Scintillation light emitted by
excited Ar, detected by PMTs
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Liguid Argon Time Projection Chamber (LArTPC)

* Capable of identifying different species of particles and | HBOONE
reconstructing 3D images with fine-grained information i ——— _
clta-ray _
! ~ Two EM showers
| T = yy
* Neutrino vertex Vertexof
* Particle flow (mother-daughter relationship) neutrino

interaction

* Track (u, 7, p etc.) vs shower (e, y EM cascade)

* e/ y (e+e— pair production) separation
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eLEE SearCh lelp candidate data event
[electron Low Energy Excess]| Bt

| , HBooNL _
Three independent analyses using O < 52

different reconstruction paradigms and
targeting different final states:

1. Quasi-elastic kinematics:1el1p,
Deep-learning-based reco.

Deep Learning: PRD 103, 052012 (2021)
Pandora: EPJC 75, 439 (2015)

WireCell: JINST 13, 05032 (2018)




e LE E Sea rCh lelp candidate data event
[electron Low Energy Excess]

| | nBooNEL
Three independent analyses using i,

different reconstruction paradigms and
targeting different final states:

1e0p candidate data event

1. Quasi-elastic kinematics:1elp, -
Deep-learning-based reco.

2. MiniBooNE like-final state:1eNpOrn
and 1e0p0x ,Pandora-based reco.

pBooNE

Pandora: EPJC 75, 439 (2015)
WireCell: JINST 13, 05032 (2018)

k' Deep Learning: PRD 103, 052012 (2021)
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eLEE SearCh lelp candidate data event
[electron Low Energy Ex

| | nuBooNE _
Three independent analyses using e RE———

different reconstruction paradigms and
targeting different final states:

1e0p candidate data event

.
1. Quasi-elastic kinematics:1elp, s
Deep-learning-based reco.

2. MiniBooNE like-final state:1eNpOpl
and 1e0p0pi ,Pandora-based reco.

uBooNE _

3. Inclusive 1eX final states, WireCell
reCOnStrU CtiOn ﬁ "~ 1eX candidate data event

kf Deep Learning: PRD 103, 052012 (2021)

Pandora: EPJC 75, 439 (2015)
WireCell: JINST 13, 05032 (2018)

11



eLEE Results [by flnal state]

MicroBooNE 6.67 x102° POT 4 Data (25)

« Model : an energy-dependent ... -
enhancement of intrinsic, 2"} i =
events in the beam at low s | lelp
energy — derived from z :

[

MiniBooNE with one
normalization parameter “x
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r,”fd out at >37% CL Phys. Rev. D105, 112003 (2022)
Lf Phys. Rev. D105, 112004 (2022)
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gLEE Search [single photon production]

% —+— BNB 18.75x10%° POT —— éeaﬁfofétﬁif?;")l \/ Y

e Search for single photons from NC A ¢ 't = ;i1 E N
radiative decays — predicted to be one |+ =P E )y N
major source of single-photons at these " Ly O e Syet. £
energies “ F— El by 3,

e |t's a known background, that was not ~ ° —— 1 Ut L e
constrained directly by the MiniBooNE > e 1 &' T
experiment | - 1 = My

° Enhancement in (N:p,n) 8.2 0.4 0.6 0.8 1 1.2 1.4 E?E(Ge\:;;O 22—Phy5.Rev.lDlO3,OSZOO.?(2021);
with a factor of gave good T T
agreement with the observed LEE In ,
various phase space Pt 2y1p

» Four channel fit for the analysis: gl

1yOp + 1ylp

« Two NC A — Ny reach single
photon selections

L} “Two high-statistics NC JZ'O reach two- Shower
photon selections ) . AL 125, 111801 (2022




gLEE Results

Disfavor x3.18 NC A — Ny as an
interpretation of the MiniBooNE LEE at

94.8% CL
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PRL 128, 111801 (2022)
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« NC A — Ny cross check using 1y0Op and 1yNp channels

e Uses alternative reconstruction

 More sensitive to the 1y0p channel

More Photon Search Coming!

 Coherent-like single-photon production search builds on the previous 1yOp result

e Looking for forward-going photons with no hadronic activity.

* Closely follows the expected LEE signal.

» Inclusive single photon (1yX) is searching more generally for "single photon-like"

final states

 No dependence on model or requirement on hadronic activity.
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- 444444 Total Prediction: 55.2
50— MC Intrinsic Stat Error
i :_ MicroBooNE Simulation
= Preliminary (6.80x10%° POT)
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BSM models

LEE

already published

* Additional Higgs Portal Scalar, Heavy Neutral Lepton, Dark

Higgs Portal Scalar and Heavy Neutral Lepton searches

Trident and Millicharged Particles searches are ongoing

HNL Upscattering

Target

Bertuzzo et al, PRL 121, 241801 (2018)
Ballett et al, PRD 99, 071701 (2019)
Abdullahi et al, PLB 820, 136531 (2021

16

Many BSM scenarios predict overlapping ¢ "¢~ final states
that mimic a single shower topology — could explain the

MicroBooNE BSM Searches:
Phys. Rev. D 101, 052001
(2020)

Phys. Rev. Lett. 127, 151803

(2021)
Phys. Rev. D 106, 092006
(2022)

DM Upscattering X . Dark Primakoff
- f m——————
Vl e .
Vz* -_— ZI*
> * > >
N N N N
Dutta et al, PRL 129, 111803 (2022)




3(active) + 1(sterile) Neutrino Oscillation Framework

 The PMNS matrix is extended to 4x4 unitary matrix, and i1s parameterized as following
Upmns = R34(034,034) R24(024,024) R14(014,0) R23(023,0) R13(013,013) R12(612,0)

* The effective mixing angles 6,5 for short-baseline oscillations are defined below

. . Amg, (eV?)L(m)
Pyyvg = Oap + (—1)%a# - sin? 28,5 - sin? (1.267 E(MaV)
v, disappearance (v, = V,): sin® 20,, = sin? 26,
v, disappearance (v, = v,,): sin® 260, = 4 cos* 0, sin” 6,4 (1 — cos? 6,4 sin* 0,,)
Ve appearance (v, = V,): sin® 26, = sin® 20,4 sin” 6,

* In MicroBooNE analysis, the above three oscillation effects are applied to all v, and v, events; the v,
Ve flux rate ~ 0.005

appearance (Ve — V,,) is ignored because of tiny e —
1l

17



3+1 Oscillation Analysis using

©

Events/100 MeV

MicroBooNE 6.369 x 10*° POT

49 E_ —e— BNB data, 338 Pred. uncertainty
40 F [ ] Others, 10.0 NC, 22.5
- v, CC, 193 ] v.CC,333.1
35 = = eLEE Model (x=1), 37.0
J EEN BN B .
30 o B
--: 2 E 1eX
) LI_ | T, + Inclusive
. [ -I— L
15 I +I
10 .'. [ =< B
B 31
0 - - - A u i . 4 l A A L 1 l L 4 1
0 500 1000 1500 2000 2500

Reconstructed E,, (MeV)

Wire-Cell Inclusive Selections

/

* |nclusive eLEE search was reinterpreted under a

sterile neutrino oscillation hypothesis
[Considered v, appearance and v, disappearance

effects simultaneously]

e The BNB data result is found to be consistent

with the 3 hypothesis within 1o following the

Feldman-Cousins approach
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Phys. Rev. Lett. 130,011801 (2023)
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Phys. Rev. Lett. 130,011801 (2023)

MicroBooNE 3+1 Exclusion Results
[Amj, vs sin“20, ]

. . 10°
e 2D profiled (on Sln26’24) result : : : 6ol PO
: ey - MicroBooNE 6.369x POT
full 3+1 analysis at each point in l } = 050 CL.
the parameter space 10 {7 —— Data, profiling
N N N ; ) e, = = = = Sensitivity, profiling
[ v U v e’ v e v e’ v U v U ] — - l/ :. — = Sensitivity, v, App. only
| 5 4
» L, appearance-only : more 2 L \\\
stringent limit. However, it is ”g‘* : SO
physically not allowed in the i
3+1 framework. (non-zero v, 10~
appearance requires both v, = [ LSND 90% CL (allowed)
g q i LSND 99% CL (allowed)
and v, Isappearance) o . .
v, = v] 10~ 107 107 107" 1

s sin229w3

19



MicroBooNE 3+1 Exclusion Results o ey Rt PR DT
[Am], vs sin“20,]

{
I GALLEX+SAGE+BEST ‘k
. . D _ ] 26 (allowed) f
® 2D prOflled (On SINn 924) reSU|t . 10 B Necutrino-4 26 (allowed) )
full 3+1 analysis at each point in E
the parameter space S
> [
[ Vy 2 Ve Vg 2 Vo Uy = Uyl 5 N
| < 1L MicroBooNE 6.369x10”° POT N
* U, disappearance-only : more E%% CL, S~
: . : == Data, profiling
stringent limit corresponding to .- Sensitivity, profiling
3 flxed Sln2924 — O [I/e — I/e] | = = Sensitivity, v, Disapp. only
10—1_ ] /N W W - I | l ] /N -
10~ 107" 1

~

)
sin“20_,

20



MICROBOONE-NOTE-1116-PUB

Degeneracy of Oscillation Parameters

MicroBooNE Simulation, Preliminary

70
« Observed v, events are a combination result of , sof e Cotlaton with A = 7.3 612
appearance and disappearance: sf. BNB Si”jggwjg-gj Sf”jg%jgm
- 40§_ sin226: = 0:36: sin26: = 0:005
Iintrinsic Ve * PV()—"V(» +w ‘é = - L sin“20,, = 0.72, sin°0,, = 0.005
W 30 e
— IVintrinsic v, ° 1+ (RV;I/V(.’ ° sin2924 — 1)} sin22914 ' sin2 A41 goz_
10
 Degeneracy when Sin2924 approaches R (the ratio of beam O e ™ 000 Te00 2000 2500
. . . Reconstructed neutrino energy (MeV)
intrinsic v, and v, flux): 70
’u — nueCC FC channel No oscillation
. . o 60 Oscillation with AmZ, = 7.3 eV?
* Sensitivity/exclusion limits are much worse near E NuMI Sir26. , = 0.36, sin%6,, = 0
degeneracy point - sin'29,, = 0.36, sin’0,, = 0.010
w 40 sin“20,, = 0.36, sin“6,, = 0.005
, . s F e sin’20,, = 0.72, sir?6,, = 0.005
« BNB and NuMI beams have different degeneracy points: S 30f-
- MicroBooNE Simulation, Preliminary
. . . 20—
* ~0.005 for BNB [on-axis with baseline ~470m] : it
10
* ~0.04 for NuMI [off-axis with baseline ~680m] ot e e T

Reconstructed neutrino energy (MeV)

L? Combination of two beams can break degeneracy!

21




MicroBooNE Preliminary

MicroBooNE 3+1 Sensitivity Results |
by using BNB+NuMI

Am;, (eV?)
T

107"
o Sensitivity is significantly improved

BNB Run 1-3 6.369 x 10%° POT

‘0
L 4
.0
4

E I LSND 90% CL (allowed)
i LSND 99% CL (allowed)

‘e

: &= NuMI Run 1 1.917 x 102° POT
e =

MicroBooNE

95% CL,

----- BNB sens, sin’0,, = 0.005

----- BNB+NuMI sens, sin’0,, = 0.005

(~ factor of 2) when combining both BNB 10—2__4
and NuMI (mainly due to degeneracy N
mitigation)

« BNB+NuMI data results are expected to
be sensitive to the Gallium/Neutrino-4
results, and LSND results

k MICROBOONE-NOTE-1116-PUB 22
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SBN Program 1

T Neutrino Energy: 700 MeV
. , X[ Am2 =12 eV?
 The SBN program consists of three LArTPC detectors located in the BNB at 0.8
Fermilab. = | sin?26) =0.003
@)
9 |
 SBND [launching soon], MicroBooNE, and ICARUS [taking data]. -§°'6?
=
* (Goals: 504 g 5
* New physics — particularly eV-scale sterile neutrinos %’ ? ° -
0.2 :
2, i
» Detailed studies of neutrino-nucleus interactions at the GeV energy scale O ]
A B N
* Advancement of the liquid argon detector technology — the DUNE/LBNF long- O 200 400 600 800
baseline neutrino experiment in the next decade Length of Neutrino Flight [m]
. %%
ICAR!.ES T600 MicroBooNE SBND —
476t,600m. . ~ 85t, 470m 112t, 110m ==
running 2015-2021 start 2024
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Summary

 MicroBooNE was designed to test the electromagnetic
nature of the MiniBooNE anomalous excess

* No excess of single photons or single electrons was

observed so far

* Full 3+1 oscillation analyses were carried out to interpret

PRL 128, ® MicroBooNE Observed

Non-v. background

241801 (2022) Intrinsic v,

Total, no eLEE (x = 0.0)
Total, w/ eLEE (x = 1.0)
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the MlCFOBOONE eLEE resul-ts under 2] Sterlle neutrlno (200 MeV,500 MeV] [150 MeV,650 MeV] [150 MeV,650 MeV] [0 MeV,600 MeV]
[ [ " 2_ =
oscillation hypothesis: ol -
0 Z VG s,
* The data (50% BNB total dataset) was found to be oL £ —
- ) ; = = = = Sensitivity, profiling

consistent with three-flavor hypothesis and exclusion P
limits were calculated using a frequentist approach :

* Unitizing both BNB and NuMI data, the 3+1 analysis
will be sensitive to Gallium/Neutrino-4 and LSND

results

o Search for BSM models involving electron-positron pair

©® production is ongoing

— = Sensitivity, v, App. only
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e L E E M Od el 20 3 E_E Scale:\::('(:i;)i((;(z::i:ilm1lnti(m
[electron Low Energy Excess] Z 70 v, =i

----- LEE (x=1) prediction
 Assumption : an energy-dependent enhancement
of intrinsic v, events in the beam at low energy

 Empirical eLEE model is derived from MiniBooNE,

by unfolding detector response, acceptance, o EE\\\\\\\\\\\\\\\ 1
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eLEE Results [single bin]

" PRL 128 ® MicroBooNE Observed
2.5 2
» No observation of v, 241801 (2022)

Total, no eLEE (x = 0.0)
Total, w/ eLEE (x =1.0)
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* Single-electron-alone
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explanatiOn for [200 MeV,500 MeV] [150 MeV,650 MeV] [150 MeV,650 MeV] [0 MeV,600 MeV]
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S _ _
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MicroBooNE data
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BNB/NuMI fluxes
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