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Beam Excess
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The 3-(active)v oscillation parameters have been measured with excellent precision by
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many experiments. e N B=;
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But questions remains un-answered: d B SRR
* Are these active neutrinos their own anti-particle (Majorana)? B |
* Jointly with 6¢p they could answer the matter/anti-matter asymmetry. 3 4]
* Do more exotic right-handle neutrinos (sterile) exist ? ]
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The Short Baseline Neutrino Program at Fermilab

The role of SBN is to perform a robust measurement in the search of sterile neutrinos,

while also provides a broad spectrum of other new physics beyond the standard model.
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Our strategy to reduce uncertainties:
SBND

b ’/ 600m baseline

4 470t active volume 110m baseline

o ‘ PhySIS runnlng 112t active volume
Under Construction ’

e Three detectors sampling the same

neutrino beam at different distances
(BNB)

\_

R = SBND * Same nuclear target (Ar) and
| detector technology (LArTPC: liquid
argon time projection chambers)

MicroBooNE

540m baseline
89t active volume

. ~ Finished taking data 3
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Two Neutrino fluxes

All SBN detectors are on-axis for the Booster Neutrino Beam
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Each of the detector is at different off-axis angle for the NuMI beam
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SBND Neutrino Flux at TPC Front Face
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Neutrino flux at the SBND front face.

Mean muon-neutrino energy: ~0.8 GeV

Beam composition:
vy (93.6%)
7y (5.9%)

VetTe (0.5%)

* Different compositions of the beam (v, /7,)

* Different energies of neutrinos
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BNB

Low Energy
Vu Beam
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ICARUS Neutrino
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LArTPC at work

Sense Wires

Sense Wires

U vy U MY V wire plane waveforms
Liquid Argon TPC ’ f 4 Liquid Argon TPC ]
Y [ | *3D reconstruction with mm
i l o resolution.
Charged Particles ! % System Charged Particles 7/ 7 : . . o, .
i s (29 - W/ / *Excellent particle identification
! ’ B: Caiok = 7 ; with dE/dx information.
, [)ill ' /! i *Low energy thresholds, sub-
&&:(i, : H} &'&fz// : / : ‘ 1 Mev tO GeV-
& 7728 & e 772
S5 Y ‘ | @@‘:‘f?" 7 1/ %
Y wire plane waveforms ?:ne
Chargerd gamcflres in LAr _lonization charge drifts Digitized signals from the wires are
. E; © ulce : ce J in a uniform electric field collected [time of the wire pulses
lonization €'eclrons an towards the readout gives the drift coordinate of the
scintillation light wire-planes track and amplitude gives the
deposited charge]
~ 50,000 photons/cm
VUV photons propagate Scintillation light fast
and are

shifted into VIS photons
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signals from LDSs give
event timing



prauiingn2033 Near Detector: SBND

Short-Baseline Near Detector being assembled at Fermilab
Two TPCs 112 tons of LAr

HV feedthrough

HY-ET 11k wires across two planes
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MicroBooNE detector

Proposal: 2007 (addendum, 2008)
within the last 5 years

Construction: 2010-2012

sharing with the
community as we go

Installation & Commissioning: 2012-2015

lowered into LArTF

sl ||\ B8 Operations: 2015-2020
=gt traning experts in LArTPC
R&D Phase: 2021 technology

L
I MicroBooNE sees

=y i ] e Detector shutdown: 2022
N Physics data analysis continues. ..

Georgia Karagiorgi, September 6, 2022 2
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Far Detector: ICARUS

TPC and PMTs Cosmic Taggers 3 m Overburden
(2 out of 4 TPCs)

. ICARUS was ongmally deployed Ig Gran Sasso and exposed to the LGNS beam
before moving to CERN to be refurbished for its run at Fermilab.
« Data taking started fall 2020, with stable noise & electron lifetime (>3 ms)
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The MiniBooNE low-energy excess (LEE)
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(] 4.80 excess of measured ve and ve over
prediction, focused at low energy

[ Consistent with prior results from the LSND
experiment: combined significance of 6.10

1 Source of excess not known:
= could be ve

= photons look identical to electrons in
MiniBooNE detector

= or something else?

Phys. Rev. D 103, 052002



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002

LArTPC STRENGTH: electrons and photons

d Distinguish using dE/dx at start of shower
and start point
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—¢— Beam-On Data (Stat.)
Out-of-Cryostat
[C"] Beam-Off Data

] Neutron
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[ Photon
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[ Electron
MC + Beam-Off
Stat. Uncertainty

| MicroBooNE NuMI Data 2.4x10%° POT

Leadlng Shower dE/dx (Collectlon PIane) [MeV/cm]

Phys. Rev. D 104, 052002 (2021)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002

MicroBooNE first investigation of the

MiniBooNE low-energy excess

Target A>Ny:

1yOp and 1ylp

Phys. Rev. Lett. 128, 111801

J.Nowak- SBN Program@ Fermilab

Phys. Rev. Lett. 128, 241801

Electron searches

Phys. Rev. D 105, 112003

CCQE-like: 1elp P \

Phys. Rev. D 105, 112004

CCor: P (/

1e0Op and 1eNp e e
Phys. Rev. D 105, 112005 V
Inclusive: 1leX o

11


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.111801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112005
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.241801

First investigation of the MiniBooNE
low-energy excess

Target A>Ny:

1yOp and 1ylp



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.111801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112005
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.241801

Phys. Rev. Lett. 128, 111801

NC-A single photon search
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.111801

Phys. Rev. Lett. 128, 241801

S E A R ( I I 55 ® MicroBooNE Observed
V Non-ve background
e Intrinsic ve
—— &<, Total, no eLEE (x=10.0)
2.0 7 —  Total, w/ eLEE (x = 1.0)

Phys. Rev. Lett. 128, 24180
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Electron searches

Phys. Rev. D 105, 112003

CCQE-like: 1elp P \

Events Observed / Predicted (no eLEE)

0-0 T T T T
Phys. Rev. D 105, 112004 lelp CCQE leNpOn 1e0pOn lex

ccon: P (/
1e0p and 1eNp g o Three high-purity analyses reject ve

V interactions as sole source of excess at

Phys. Rev. D 105, 112005

>97% CL

Inclusive: 1eX ~ e

J.Nowak - SBN Program@Fermilab 14


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112005
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.241801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.241801
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.241801

Both initial hypotheses rejected arXiv:2210.10216
» Single photon from A—>Ny:
» Single electrons 10?

S !
- ; MicroBooNE 6.369x10%” POT
The future searches will include - ( 95% CLq
» Other 1y events 10F \ — Data, profiling
= ) == == Sensitivity, profiling
> ete events R - l/ — = Sensitivity, v, App. only
°'> _
=k NN
Oscillation hypothesis ;
107
. . . - - LSND 90% CL (all d
1 What does this mean for the sterile neutrino N (owed)
hypothesis? B LSND 99% CL (allowed)
10—2 1 1 llIlllI 1 1 lIlIlII L 1 IllIIII L L1 1L 11l
, | 107 107 107 107! 1
L We haven’t seen evidence of an excess = place sin220
ue

constraints on oscillation phase space for a new
neutrino flavour.

Upcoming BNB + NuMI analysis will be sensitive to full LSND

allowed regions
J.Nowak - SBN Program@Fermilab 16


https://arxiv.org/abs/2210.10216

SBN Sterile Neutrinos Sensitivities

ZeN

(eV?

10?

2
41

A m

107!

v, disappearance

SBND (6.6¢20 POT) MicroBooNE (1.32¢21 POT) ICARUS (6.6¢20 POT)
ET T T 11T T T TTTTT T TT T T w1 TTTH
= SBN Preliminary /,” =
- p ' ]
-
|// , o
Injected Point, B I i
= . P e R —]
=+ sin26,,=0.07, it { =
S 2 5 7/ g
= Amy, =132eV" 7 n
: . g
{
e l
\ h
. \ : N
= \\ - =
- : 2 -
= ereserne 90% IceCube ™., e -
i -=e 99% IceCube e \\\\
90% MiniBooNE ':,'.-“ o= -
--------- 90% MINOS/MINOS+ \\\\
= bl
[~ ===: 90% SBN Stat+Syst pry
~ w50 SBN Stat+Syst -
Ir 50 SBN Stat+Syst N
21207 56 SBN Stat-Only g
]0—2 I vl ) VD O I I 1 ] S a0l
107 107 (U
sin“20
T

V. appearance v, disappearance
o) SBND (6.6e20 POT) MicroBooNE (1.32¢21 POT) ICARUS (6.6¢20 POT) 2 SBND (6.6¢20 POT) MicroBooNE (1.32e21 POT) ICARUS (6.6¢20 POT)
(\/l\ 10_‘»— I LI |l|l|| . T T \I‘[ T T Illlll T T T TTTTH (\’]\ 10“% T T T T T UL TI T T T & kgl —]
= 3 = = 5 o 3
> = SBN Preliminary ) . = > = SBN Preliminary : =
3 C . Injected Point, . 3 C // :
= + sin’20,, =0.003, i i { i
st Amiu =1.32 eV? L9 g Injected Point, \\
= 10 = 4 8 10 + sin®20,=04, AR
<] = 4 < E 5in20,, =0, o=
- = = Amj =3eV? © {’
2 B = 4
L - - NS
\\
] = —— ] = \\\
= = = Seo
= | - . -
r ] - gl TN =
............
I~ N [T eemeeess T2K/ND280 excluded 95% CL T ]|
T (ivioms n T = T2K/ND280 allowed 90% CL 7
gL = LSND w/ DiF 99% CL _1 | £ T2K/ND280 allowed 68% CL
107 = = 107 & =
[ resenns 99% SBN Stat+Syst = [ === 90% SBN Stat+Syst -
I 50 SBN Stat+Syst - - 56 SBN Stat+Syst .
B 50 SBN Stat+Syst X [ 50 SBN Stat+Syst 7]
{00 50 SBN Stat-Only " I 50 SBN Stat-Only 7
l 0—2 1 L T | Ll I 0—2 1 1| 1 | Il | | | I | | 1 | | Ll
—4 -3 -2 -1
10 10 1 10 10 5 1
e sin“20,,

In two/three sterile oscillation channels, SBN will be sensitive to the parameter
space favored by previous measurements at the 5o confidence level.

Complementary measurements in different modes: important for interpretation in
terms of sterile neutrino oscillation.

J.Nowak- SBN Program@Fermilab
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Phys. Rev. Lett. 128, 151801 (2022)
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Uncertainties in neutrino scattering modelling drives uncertainties for oscillation measurement
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High-statistics measurements

of exclusive final states.rare

processes, and tests of v-Ar

models
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.151801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.L051102
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More exotic searches

SBN can search for a very broad of physics simultaneously

A non-exhaustive list of new physics BSM searches at SBN

Light Dark Matter

-~ // ' x
PR

Romeri Kelley Machado PRD 2019

Heavy Neutral Leptons

S e

Ballett Pascoli Ross-Lonergan JHEP 2017
Kelly Machado PRD 2021

Dark Neutrinos

Bertuzzo Jana Machado Zukanovich PRL 2018, PLB 2019
Arguelles Hostert Tsai PRL 2019
Ballett Pascoli Ross-Lonergan PRD 2019
Ballett Hostert Pascoli PRD 2020

Higgs Portal Scalar
o
LA >

- ‘
< ‘<e;

Pat Wilczek 2006
Batell Berger Ismail PRD 2019
MicroBooNE 2021

Image credit to Marco del Tutto and Pedro Machado
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Millicharged Particles

Magill, Plestid, Pospelov, Tsai, PRL 2019
Harnik Liu Palamara, JHEP 2019

Axion-like Particles

o +

e

Kelly Kumar Liu PRD 2021
Brdar et al PRL 2021

Search for heavy neutral lepton (HNL) decays to p*m*

HNL: 90% CL exclusion limits
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10-10 | \
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LSearch for

10—6_
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—— LHCb
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https://arxiv.org/abs/2207.03840

Summary

* MicroBooNE detailed initial investigations into MiniBooNE anomaly show
in pure ve and NCA 1y channels = the answer is more complicated

SBND is finishing detectorassembly, and ICARUS has started its physics running

Stay tuned as the ICARUS and SBND join MicroBooNE in results for world-leading
v-Ar cross-section measurements and searches for New Physics.

MicroBooNE Collaboration SBND Collaboration
LB
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More exotic searches

Topological (detectable) signatures:

Light Dark Matter
X €
X X e
i
e_

single e scattering or e'e”
pair with no hadronic activity

Heavy Neutral Leptons

e+
JUHNL
e-
HNL e+
......... N
HNL M+
......... i .

e’e’, W'y, or pm* pair with no
hadronic activity

J.Nowak - SBN Program@Fermilab

Dark Neutrinos

light Z, e
e- e+
heavy Z gap. ..
........... e-
Ip\
e’e pair with or without
hadronic activity
Higgs Portal Scalar
e+
S
e_
S M+
M-

e’e  or W'y pair with no
hadronic activity

Millicharged Particles

blips or faint tracks

Axion-Like Particles

e+

M+

M-

high-energy e*e” pair

(the main backgrounds
are neutrmno-argon
interactions!)

Image credit to Supraja
Balasubramanian



Charged-current Inclusive
measurements

» first measurement on argon as a function of scattering
angle and electron energy
» excellent overall test of neutrino-nucleus generator

vu CC inclusive

!

» first measurement on argon as a function of neutrino energy

and energy transfer

» enabled by extensive validation of missing energy model
» stringent test of hadronic part of the interaction
More to come: higher statistics, multi-differential

J.Nowak - SBN Program@Fermilab
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- GENIE v3.0.6 x*/N = 3.3/5
NuWro v19.02.2 4?/N,, = 3.8/5
-== GIBUU 2019 x%/N = 4.1/5

[ Phys. Rev. D 105, L051102 (2022)
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Phys. Rev. Lett. 128, 151801 (2022)
1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1

1 2 3 4
E, (GeV)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.151801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.L051102

Exclusive channels, differential cross-sections

Vu CCOTI'Zp

> first double-differential cross section in > first ever direct measurement of
these variables on argon 2-proton cross section
» especially sensitive to nuclear effects » dominated by 2p2h/MEC processes
(c) 135° < 8ai; < 180°, MicroBooNE Preliminary True cos(y )
J L ---GiB No FSI (50.1/13) —GiB FSI (4.6/13) g 81 MicroBooNE 6.79 x 102° POT, Preliminary
% 0 3 B ---G18 No FSI (65.2/13) —GI18 FSI (4.4/13) i 7 ——F——  2terations Unfolded Data (Stat. + Sys.)
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g % O 25 i 6 Lwellyn QE + Empirical MEC (x%DoF: 15.0/8)
(50 ¢l FSI/No FSI % Nieves QE + MEC (x2/DoF: 2.4/8)
% 0.2 al 2 5 SUSAV2 QE + MEC (2/DoF: 39.8/8)
® 2F ﬁ 4‘; NuWro QE + MEC (x?/DoF: 6.0/8)
E 0.15 0 02 0.4 06 g E
o 0.1F g 3:—\
(Ze) ) C
RS T 5 A £ o= H
R | B T R - =
0 0.2 0.4 0.6 0.8 Ok | ‘ | | ‘ | | | ‘ | | ‘ | | | | | ‘ | | | |
8 [GeV/C] -1 -08 -06 -04 -0.2 0 0.2 04 0.6 0.8 1
MICROBOONE-NOTE-1108-PUB pT MICROBOONE-NOTE-1117-PUB True COS(YLab)
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1117-PUB.pdf
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1108-PUB.pdf

arXiv:2205.07943 [hep-ex]

- g EZSI MicroBooNE |
Neutral current neutral pion production < b
é‘«'}o [:*EZES/::$ —— — NEUT v5.4.0.1
Important background to ve searches in LArTPCs %_,1-5; ————— T Nawroviooat

-

(MicroBooNE and future experiments: DUNE, SBN)
> m0->yy looks like ve if one photon missed /

||||||||l|||||

ﬂi
Pl
H0Hu|
|
I

N |

|

|

"

|

0.5
. . —e— INclusive o Exclusive | o Exclusive
First NCt® measurement on argon with <Ev>™~1 GeV ol NC1x NG 17 proton] NG 1R D proten
» separated into Op and 1p channels B wrecomor (e
» deficit observed compared to all models e —

125
MicroBooNE

5.327 x 101° POT,

0.75 H’I‘% Preliminary
1, b
1 - e,

1.00

[107* c¢m? / GeV/c / nucleon]

» current result limited by statistics (only few % of
available data used)

0.50

= 025

do
dP,

= 0.00 l_!_|_!_' =
CCr® measurement in progress, along with more rare : QRS EaE 55 S }
searches e.g. hyperon production 8 °Go o2 o¢ o o8 1o 12 14
MICROBOONE-NOTE-1111-PUB m° Momentum [GeV/c]
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https://arxiv.org/abs/2205.07943
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1111-PUB.pdf

Searching for new physics



SEARCHING FOR OTHER NEW PHYSICS SIGNATURES

(ASearch for heavy neutral lepton (HNL)
decays to pint

» similar sensitivity to NA62

» order of magnitude improvement on
previous MicroBooNE results

ASearch for Higgs portal scalar (HPS) decays
to W'
» complementary to previous e*e
MicroBooNE search

» First constraints on scalar-Higgs mixing
angle O in this mass range from a
dedicated experimental search

J.Nowak - SBN Program@Fermilab

HNL: 90% CL exclusion limits

arXiv:2207.03840 [hep-ex]

1075 | Co Ny T
r\:“%!
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—— E949 //\
T 107 :
3 — KEK
o] — NuTev
10 8 SIN
—— PIENU
10—9_ —— MicroBooNE (2020)
= MicroBooNE (Majorana) (2022)
= MicroBooNE (Dirac) (2022) NuMI POT:7.01 x 102°
10_10 T T T T
0 100 200 300 400

HPS: 90% CL exclusion limits
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MICROBOONE-NOTE-1116-PUB

Oscillation parameter degeneracy

70

60

50

40

Events

30

20

10

MicroBooNE Preliminary

lllllllllllllllllll'llllllllllllll

nueCC

BNB

1 1 L l

No oscillation

Oscillation with Am?, = 7.3 eV?
sin°20,, = 0.36, sin’0,, = 0
sin20,, = 0.36, sin’0,, = 0.010

sin°20,, = 0.36, sin6,, = 0.005
--------- sin°28,, = 0.72, sin’6,, = 0.005

Seen
1 1 1 1 l 1 1 1 1 l 1 L 1 1 l 1 1 1 1

500

1000 1500 2000 2500

Reconstructed neutrino energy (MeV)

J.Nowak- SBN Program@ Fermilab

ve disappearance Ve appearance
N Ve — 4Vintrinsic ve P, Ve—>Ve + N intrinsic v, P, Vy—Ve

o Ami, L

= Nintrinsic ve [1 + (By,, /v, sin? @4 — 1) sin? 2614 sin 1B ]

(ratio of ve to vu in beam)
— about 0.005 in BNB
— about 0.04 in NuMI
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1116-PUB.pdf

1M 1p disappearance exclusion limits

dUse 1ulp sample (98% pure vu) to search

for

in BNB

(Data consistent with no oscillation = set
Feldman-Cousins

J.Nowak - SBN Program@Fermilab

600 MicroBooNE 6.67 x 102° POT
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MICROBOONE-NOTE-1105-PUB

Future 3+1 1e1p and 1u1p OSC|IIat|on

analysis

Full 3+1 analysis (as done for inclusive
selection) also in progress using 1elp
and 1plp samples

oscillation) using
been found

Feldman-Cousins treatment in progress
for full oscillation results- coming soon!

J.Nowak - SBN Program@Fermilab
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What does this mean?

e Decay of O(keV) Sterile Neutrinos to active neutrinos )
o [13] Dentler, Esteban, Kopp, Machado Phys. Rev. D 101, 115013 (2020)
o [14] de Gouvéa, Peres, Prakash, Stenico JHEP 07 (2020) 141

e New resonance matter effects educes Caution: not an
o [5] Asaadi, Church, Guenette, Jones, Szelc, PRD 97, 075021 (2018) True Electrons . .
e Mixed O(1eV) sterile oscillations and O(100 MeV) sterile decay ) eXha ustive I|5t!
o [7]Vergani, Kamp, Diaz, Arguelles, Conrad, Shaevitz, Uchida, arXiv:2105.06470 | _J Th |S |S mean t tO
e Decay of heavy sterile neutrinos produced in beam >. Prodiicas
o .Rev.D83: 1
o ﬁéfﬁffﬁfﬁkﬁgfffuvl.@fa,oii(y)féilé 101, 075045 (2020) True Photons be re presen tative
o [15] Magil/, Plestid, Pospelov, Tsai Phys. Rev. D 98, 115015 (2018) on |y
o [11] Fischer, Hernandez-Cabezudo, Schwetz, PRD 101, 075045 (2020) y
e Decay of upscattered heavy sterile neutrinos or new scalars N
mediated by Z’ or more complex higgs sectors
o [1] Bertuzzo, Jana, Machado, Zukanovich Funchal, PRL 121, 241801 (2018)
[2] Abdullahi, Hostert, Pascoli, Phys.Lett.B 820 (2021) 136531 Produces
[3] Ballett, Pascoli, Ross-Lonergan, PRD 99, 071701 (2019) >. ete pairs

[10] Dutta, Ghosh, Li, PRD 102, 055017 (2020)
[6] Abdallah, Gandhi, Roy,Phys. Rev. D 104, 055028 (2021)
e Decay of axion-like particles
o [8] Chang, Chen, Ho, Tseng, Phys. Rev. D 104, 015030 (2021) J
e A model-independent approach to any new particle
o [9] Brdar, Fischer, Smirnov, PRD 103, 075008 (2021)

© 101 2O

More information: see
P. Machado, Fermilab PAC, November 2021
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https://indico.fnal.gov/event/51174/contributions/224749/attachments/149348/192224/2021-PAC-winter-Machado.pdf

What does this mean?

MicroBooNE’s first LEE results

é % ~
é' e- P e- e-
- Y
y Y y
TN . U - . N Y
Overlapping e+e- Overlapping e+e- Higwitﬁ e Hi.?ﬁlymi’ie_
W% p ...... m ““:—w :_\\\V p\ &J_\\\

J.Nowak - SBN Program@Fermilab

32



Future investigations

Future Directions

W |
Future |nvest|gat|ons

\*}»;‘»mg_wf \ '\L&WQQJ X N
e 2 P s 7 \w.\% v
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Overlapping e+e- Overlapping e+e- Higwfﬁ; ete- Highly jmige-
“‘W"&: p ...... g ;\\ p\ \\
- y
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Future investigations

dFurther investigations will expand photon-like searches and investigate e*e final states-
some preliminary results shown below:

U Further investigation of NC A model: independent reconstruction, more sensitivity to
potential excess in 1yOp channel

INC-Coherent 1y targeted search: forward-going photons with no visible hadronic energy
dInclusive 1y search: generic test of single photon production
JEven more on the way!

Shower Energy

5 0 3 Total Pred, 125.4 74/ Pred. Uncertainty % 40F 0 NG Coherent 1y 1.5 [ NC A o Ny (14p) 0.3 24r iERcoNE Ersiitineny
3 E [ NC A-Ny, 9.6 [ NC In’, 56.8 > E 22— 3.423e+19 POT Stat. Uncert. Only rData/L(MC+EXT)=0.81
S E fin] [ NCA—>Ny(Op)25 [ NC 1 7P Coherent 3.7 E . )
§ o EZvccise B v.cc. ol I NC 170 Non-Coherent206 [N CC v, 1704.9 20 — i :
& O Cvccoer2s [ NC Other, 5.3 a5 7° Non-Coherent 29 v 1m04, " e
F [ outFy, 193 [ Cosmic, 1.6 F 1 BNB Other 3.5 [ CC v/¥; Intrinsic 0.6 E — "
S0 — [ Dirt, 1.4 30/ I Dirt (Outside TPC) 6.4 =] Cosmic Data 2.2 1?? — 1017 "6 1 oveviose
= P : E 944444 Total Prediction: 55.2 E
40E g////// MicroBooNE E MC Intrinsic Stat Error 12—
E iy, 6.369-102 POT - E
30 O Z E F . . " 10
3 Mﬁ,,,,,,ﬂ Simulation. E MicroBooNE Simulation E
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E — Preliminary F Final Selection bE
10 151 4=
= vV = / 2
;] ———————————— 10 : 7777 0= + | —
- E
o r Pred total uncertai Pred stattxsec+l rtainty C = 25 ~
% s El red total uncertainty D ed stat+xsectflux unces sE ([ E 2 “I‘ L e R R MCHEXT Uncertainty
s 1 : ---------------------------------------------------------------------- I3 15 Bk e l
S . ] — . 07 = oab TR PR
0 200 400 600 800 1000 1200 Reconstructed Shower Energy [GeV] 8 " + Ll TF‘—\T*“ P i\ \ I\ I\ P T
Reconstructed Neutrino Energy (MeV) 8 % 200 400 600 800 1000 1200 1400

Reconstructed Shower Energy (MeV)

1yOp Coh-1yOp Inclusive 1yX
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Future investigations

Further investigation into NCA 1y model:

dIndependent reconstruction

dLarger phase space (including charged pions and
multiple protons)

dMore sensitive to potential excess in 1yOp channel

Event counts
—_
(=)

—_
=
T[T T[T T[T T[T [T 7T

Total Pred, 43.7
[ NC A-Ny, 4.5
[ v,cCm, 15
[ v,CC Other, 3.7

7777/ Pred. Uncertainty
[ NCIn°, 254
[ vee, 17
[C__] NC Other, 1.9
[ Cosmic, 0.6

[ outFV, 2%
[ EW [ Ditt, 0.0
)57222% MicroBooNE
7 6.369-1020 POT
Simulation,

Preliminary

Data/Pred

|:| Pred total uncertainty |:| Pred stat+xsec+lux uncertainty
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Focus on forward-going photons
with no visible hadronic energy

4070 NC Coherent 1y 1.5 ] NCA — Ny (14p) 0.3
F [ NCA—>Ny(0p)25 "1 NC 1x° Coherent 3.7
350 NC 17° Non-Coherent 29.6 [ CCv, 17°4.9
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F 444442 Total Prediction: 55.2
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MICROBOONE-NOTE-1102-PUB

Future investigations

Inclusive single y selection
dBroader search beyond specific NC A model

inclusive signal definition: no electrons and exactly one photon with KE>20
MeV. No muons with KE>100 MeV, but any number of hadrons allowed

JGeneric test of Standard Model prediction for single-photon events

Shower Angle Shower Energy
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Single photon search

arXiv:2110.00409 [hep-ex]

dSimple hypothesis test: use
combined Neyman-Pearson ¥? as
test statistic

DS —
\\T LEE Model (xMB =3.18)

oL+

¥

&

Nominal Prediction

N

Data 1.9¢ (94.8%) CL

Probability Distributions
o
>

2 e

Nucl. Inst. Meth. A 961 (2020) 163677

A Data consistent with nominal

A—>Ny prediction

Data rejects LEE model N
hypothesis in favour of nominal
prediction at 94.8% CL

J.Nowak - SBN Program@Fermilab 37


https://inspirehep.net/literature/1725472
https://arxiv.org/abs/2110.00409

single photon search

J.Nowak- SBN Program@ Fermilab
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Slide credit: Mark R-L
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