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L Arl PC Features

LAr: large interaction rate

odular and scalable
early fully instrumented

limeter resolution

Calorimetric measurement

e/y separation

Low detection threshold
for protons

Supernova Ve (E~10 MeV)

Charge collection at
millisecond time-scale

200cm
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Not |deal for Natural Source

_______ Atmospheric or

—‘
“
-

“« Cold DM astrophysical neutrinos,
boosted dark matter
~~~~~~~~ produced at the Sun or
ColdDM  Boosted DM ““sw._. Galaxy Center, etc.
/ Boosted DM, e, or v *+e._
Cold DM Boosted DM or Th
SM particle
Cold DM DM, e, orv
~~ Require massive, underground

LArTPCs (1.e. DUNE far detector)
SM particle SM particle’
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Neutrino Beam

target decay volume dirt, shielding detector

BSM particles

o e |

Visible interaction or decay products

® High intensity proton beam + fixed target

® Produce charged and neutral mesons: 71+, K&, 119, etc.

® B5M particles produced via Higgs, vector, neutrino,
ALP portals, dark neutrinos, vphilic mediators, etc.

® Detect SM particles from interactions or decays of
the BSM particles



Detection: Interaction

DM\/DM DIVI\/DIVI DIVI\/DIVI
A
N N N N
Elastic Scattering Resonance Scattering  Deep Inelastic Scattering

® DBS5[V-electron scattering: e sighature

® B5M-nucleon scattering: typically neutral current-like

® Nuclear effects smear the topology

® (hallenging on modeling BSM signals, and reducing
and precisely constraining neutrino background



Detection: Decay Products

travels Detector

along the neutrino
beam line and decay In
flight or at rest




Detection: Decay Products

travels Detector

along the neutrino
beam line and decay In
flight or at rest

Fffectively event rate
production x decay rate.

-xample: heavy neutral
lepton (N) decays into pm A decay channel




Short Baseline Program

----------

® cV-scale sterile v: measured by V= Ve oscillation

® Measure V-Ar cross section

® BNB vy 8 GeV protons, V energy peak at ~600

MeV

® 3 | ArlPC detectors on surface in different base
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Free Neutrinos from NuM|

® NuMl vy 120 GeV protons
® (Off-axis neutrino beams for MicroBooNE and ICARUS

® \/-Ar cross section measurements
® BSM searches from both BNB and NuM|

| 4



Events Observed / Predicted (no eLEE)

BSM Search@Short Baselines

® MicroBooNE Observed
= Predicted, no eLEE (x=0.0)
25 —  Predicted, w/ eLEE (x = 1.0)
Low-energy region
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=[] BNB Other

—{ Dirt (Outside TPC)
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E—_’_ BNB Data, Total: 153

//////
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MicroBooNE

¢ 3 Runs 1-3 (6.80x10% POT)
LTS / 1yOp Selection

v s
0.3 0.4 0.5 0.6 0.7
Reconstructed Shower Energy [GeV]

® c\-scale sterile neutrino search by
Vp— Ve

® | SND & MiniBooNE anomalies
® V-Ar cross section measurements
® Search for BSM particles

® Require more dedicated tools

loday’s menu

® Neutrino portal: Heavy neutral
lepton (HNL)

® Higgs portal scalar particle (HPS)

® Physics motivation In Hostert and
Putnam’s talks
|5



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.241801
https://arxiv.org/abs/2210.10216
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.111801

Events Observed / Predicted (no eLEE)

BSM Search@Short Baselines

® MicroBooNE Observed
= Predicted, no eLEE (x=0.0)
25 —  Predicted, w/ eLEE (x = 1.0)
Low-energy region
2.0
1.5 A } s
1.0
0.5 * *
00 1 1 1 1
lelp leNpOnmr 1eOpOm leX
CCQE
80 1‘yOp
> ""EE@NC A Ny n
o, 70EE NC 17° Non-Coherent

=[] BNB Other

—{ Dirt (Outside TPC)
— 44 Total Background and Error
E—_’_ BNB Data, Total: 153

//////
i

MicroBooNE

¢ 3 Runs 1-3 (6.80x10% POT)
LTS / 1yOp Selection

v s
0.3 0.4 0.5 0.6 0.7
Reconstructed Shower Energy [GeV]

® c\-scale sterile neutrino search by
Vp— Ve

® | SND & MiniBooNE anomalies
® V-Ar cross section measurements
® Search for BSM particles

® Require more dedicated tools

loday’s menu

® Neutrino portal: Heavy neutral
lepton (HNL)

® Higgs portal scalar particle (HPS)

® Physics motivation In Hostert and
Putnam’s talks
|5



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.241801
https://arxiv.org/abs/2210.10216
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.111801



https://microboone.fnal.gov/documents-publications/

® | Ar: 85 tons (active)

® | [PC 2.3mx2.5mx|0.4m
® 3192 wires, 3-mm pitch
® )MHz sampling rate

® | ioht collection

e 5)P
® o4

® Cosmic ray tagger

® Operation: 2015-2021,
collected |.5x 1021 POT

MicroBooNE

M Ts+4 paddle PMTs

-1z sampling rate




Background: Cosmic Rays




Background: Cosmic

Rays

® [Detectors with ms readout on surface: a
large amount of cosmic rays

® Common with all the

bhysics analyses

® ‘kilz cosmic rays atl¥

icroBooNE




Background: SM Neutrinos

uBooNE
B

Detectors designed for
neutrinos: neutrinos as the
second main background for
other BSM searches

Run 3471 Event 54287, October 21°%, 2015
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Heavy Neutral Lepton

D
travels along the srector
neutrino beam line and
decay In flight
Target
g ' M
@p4 @p4

Detect the decay
products In the detector.
Measure the mixing angle

- A decay channe
O, e4, 14 With each My ecay channe

20



Decay Channels

Majorana HNL

10°

p—
-
L

Branching fraction
—
o
0

10-3 — . . .
0 100 200 300 400 500

HNL mass [MeV]

® ) or 3-body decays
® Charged current: N—=yV, N—=Hev, N—=er, N—=UTT

® (Charged and neutral current: N—3v, N—eey,
N=vT11o, N—=uuv
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Decay Channels

Majorana HNL

10°

p—
-
L

= NI~
\\ ,,,,, / - dominant at
S - Mn > 250

/ ,,,,,,, - MeV/c?

300 400 500
HNL mass [MeV]

Branching fraction
—
o
0

103

® ) or 3-body decays

® Charged current: N—=yV, N—=Hev, N—=er, N—=UTT

® (Charged and neutral current: N—3v, N—eeV,
N=vT11o, N—=uuv
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Sensitivity on HNL Mass

0 105 140 211 245 388 493
MeV
Kt = ut™N
Kt 5 etN
N S e ety

N — uFety

N —=sent

Focused on UTT owing | N — pptw
to more mature track
reconstruction

N—ount
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Majorana v.s. Dirac

® HNL can be a or
Dirac particle

® Mgorana HNL

o and

® Sum of Ut and U*TT- 1S
isotropic in the HNL rest
frame

® [Dirac HNL

® N—=u7 only

® Half event rate compared to

Majorana HNL

® Asymmetric angular spectrum

23

We use the Majorana
assumption in the following
slides, while presenting the

results for both the cases

HNL mass: 300 MeV

1200
1000
800 -
600 -

20017,
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001 g

0 . . .
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Simulated HNL Event

uBooNE

i U \
SIMULATION 700 MeV HNL Decay
e (Mass 370 MeV)

Nimd Vs




Event with an HNL

A simulated HNL overlaid with a pure cosmic data event




Time of Flight

2020 analysis, BNB 2x 1020 POT
Phys. Rev. D [01 05200

470m
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052001
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Time of Flight

o TS
7 N
/ \
/ \
| \
| . roBop
\ |
\ /
\ /
. , /\
\\_//
<4 .

~2s

470m

28



Time of Flight
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Time of Flight
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Time of travel [us]

HNL Late Irigger VWindow

Momentum [MeV /c]
1000 1500 2000 2500 3000
5.0 - - ' '
——— HNL 25 MeV /2 —— BNBv
45 ——— HNL250 MeV/c? == BNB Trigger
—— HNL 475 MeV /¢?
40
3.
3.0
2.5
2.0
N e e R R e
1.0 : ; , : ]
500 1000 1500 2000 2500 3000
Energy [MeV]; my 25 MeV /c?
500 1000 1 500() 200 2500 1)()
500 1000 1500 2000 2500 3000

Energy [MeV] ; my 475 MeV /c?

Courtesy of Davide Porzio
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Time of travel [us]

HNL Late Irigger VWindow

Momentum [MeV /c]
U 500 1000 1500 2000 2500 3000

——— HNL25 MeV /c2 — BNBv
15 —— HNL250 MeV /c? == BNB Trigger
e HNL 475 MeV /2

4.0
35 Late trigger window: ~ 0% HNL@Mn=3/0MeV/c?
3.0 -
2.5
20
15 e ————
10 500 1000 1500 2000 2500 3000
Energy [MeV] ; my 25 MeV /c?
500 1000 1500 2000 2500 3000

Energy [MeV]; my 475 MeV /c? | |
Courtesy of Davide Porzio
31



Data-Driven Analysis

Triggered events Vetoed events

Snapshot of the detector Snapshot of the detector

® [Jse the events triggered In late trigger window, but
vetoed those triggered in the BNB trigger window

® [Measure an excess of events In a data sample

containing only cosmic rays
32



Small Signal Fraction

365 MeV HNL
: MicroBooNE Simulation :
j% | l
= 0.00 I I
o ! 2|
qoj - l
S 0.04 | [
o I [
= I [
g 0.02 : :
U2 1 I
I I
0.00 - ] ] ] L
2500 3000 3500 4000 4500 5000 5500 o©000
Event time [ns]
—— BNB neutrinos — = BNB Trigger window
— HNL ewes HNL Trigger window

® | ower kaon production rate at BNB than NuMl
® [he analysis strategy yields a small fraction of signals

® Retter V beam structure simulation and reconstruction will

improve the sensitivity
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K Decays at NuMI Absorber

2022 analysis, NuM| /x 1020 POT
Phys. Rev. D 106 092006

NuMIl Beamline Side View

Main Injector
| - — \

120 GeV .
Beam

Not to Scale
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006

K Decays at NuMI Absorber

MicroBooNE B KDAR Absorber
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K Decays at NuMI Absorber

2022 analysis, NuM| /x 1020 POT MicroBOONE  mm koan pusorver
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Fraction of events

Kinematic Distributions
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HNL Sensitivity

10~
10_5 i Davide Porzio
/ 199 1-202 |
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Phys. Rev. D 101,052001 (2020)
Phys. Rev. D 106, 092006 (2022)
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Higgs Portal Scalar Particle

Kaon decays at rest in the NuMI absorber

(S: HPS)
° . 2021 analysis, ]
Phys. Rev. Lett. 127, 151803 ﬂ/‘/ X
. 12022 analysis, S A
Phys. Rev. D 106, 092006 B ’
'
S —»— S d
K< W ] ¥
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.151803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006

Analysis Strategy

2021 analysis, 5S—efe- 2022 analysis, S Uty
Sensitive to ms<212 MeV Sensitive to 212<ms<2/5 MeV

SIMULATION KDAR Absorber
; pBOO HPS Decay (Mass 275 MeV)
g ——— — -
“~~ T

uBooNE )

STMIJLATTON 156 MeV/rné scalar decay

.93% 1020 POT /%1020 POT
Only geometrical quantities used Geometrical and kinematic
(Shower reconstruction less mature) quantities used
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HPS Sensrtivity

N ————————— -
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10—9_: e MicroBooNE e*e~ NuMI POT: [.93% (20
] NA6G2

| —— E949

1010 | mmm MicroBooNE u*p~ (2022) NuMI POT:7.01 x 102°

0 50 100 150 200 250 300 350 400
HPS mass [MeV]

-
=
—— T

Phys. Rev. Lett. [27. 151803 (2021)
Phys. Rev. D [06,092006 (2022)
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Systematic Uncertainty

Analyses presented today are statistical limited

HNL 2020 | HPS 202 s
HNL/HPS Flux 8% 30% 30%
SM vV Flux — 26.6% (5-10)%
o(SMv) — 33.4% (5-10)%
Trigger 8% — —
Detector | 0% /0% (10-20)%
Simulation Stat. — 38%/28.2% (5-42)%
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Systematic Uncertainty

Analyses presented today are statistical limited

HNL 2020 | HPS 202 s
HNL/HPS Flux 8% 30% 30%
SM v Flux — 26.6%
o(SM V) — 33.4%
Trigger 8% — —
Detector | 0% /0% (10-20)%
Simulation Stat. — 389%/28.2%
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Wish List

Light detector: high sampling rates and detection efficiency
(ICARUS and SBND)

Light reconstruction: timing, calorimetry
Light+charge signal matching

Charge reconstruction: energy of electromagnetic showers,
track/shower separation, particle 1D,

Cosmic ray removal: overburden (ICARUS), cosmic ray taggers
(MicroBooNE, ICARUS, SBND), light signal matching

Detector modeling: more detector measurements
SM neutrino flux and cross section modeling
and

for

4]



Remark

Search for interactions of BSM particles

° required
Search for decays of BSM particles

® [asy for signal MC simulation

® Suffer from

Most of desired tools also benefit oscillation and O

Analysis strategies to discriminate from SM neutrinos
required (and from cosmic rays in SBN)

Other ongoing BSM efforts at MicroBooNE

Future LArTPCs with high intensity beam (DUNE ND-
LAr) require to deal with pile-ups (modular detectors)
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https://indico.fnal.gov/event/55593/

Backup




uBooNE
=150

Color scale indicates
amount of deposited
charge

Neutrino direction

Run 3493 Event 41075, October 237, 2015




Distance of Travel [cm]

Low Energy [ hreshold

Frrery-rTre 1T T

I

— electron.

0 10 20 30 40 50 60 70 80
Kinetic Energy [MeV]

45



Dark Sector Landscape

Model Production Detection
Higgs Portal K, B decay Decay (/7¢7)
7V, n Decay Scattering (xe~, xX, Dark Tridents)
Vector Portal Proton Bremmstrahlung Decay ({0~ , 7w 77)
Drell-Yan Inelastic Decay (x — x'¢7¢7)
Neutrino Portal 7, I, D(S), B decay Decay (many final states)
ALP Portal Meson Decay Decay (v7)
(v-coupling dominant) Photon Fusion Inverse Primakoff process
Primakoff Process
Dark Neutrinos SM Neutrino Upscattering + Decay (v — vp, vp — vlT07)
Dipole Portal Dalitz Decay Decay (vp — v7)
vphilic Mediators SM Neutrino Scattering (Missing pfr, SM Tridents)

Table 1: A selection of models that can be probed by neutrino beam experiments.

46
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https://arxiv.org/abs/2207.06898
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Production

Accelerator neutrino beam or fixed
target facility produce
such as |

larget
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Production

Accelerator neutrino beam or fixed
target facility produce
such as |

Target Oeap4, 14

The meson decays Into a
charged lepton and a via a

mixing angle, Oe4, u4, 14, between - |
the SM neutrino and the HNL No helicity suppression
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HNL Detection

Detector
travels along the

neutrino beam line and
decay In flight
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HNL Detection

travels along the
neutrino beam line and
decay In flight

Detect the decay
products In the detector.
Fifectively event rate
production x decay rate.
Measure the mixing angle

©u4, e4, 14 With each My

50

Detector

A decay channel



HNL Flux from BNB

HNL mass 0.265 GeV HNL mass 0.365 GeV
10-8 10-8

® Consider ,
: iz
Whlle 664 — @T4 — O %10—10- 1010(\
® HNL produced by K—=Np 2" S
10—12 10—12_
® ully simulate the HNL onll el
~ Energy [GeV] Energy [GeV]
flux based on the parent o INL| Fullsimultion L | Full smulation
HNL | K factor only HNL | K factor only
mesons (kaons) of SM — eNBy — oNBy
neutrino flux simulation glo‘”g ANL (M=037 GeV)
~ 1 | traversing MicroBooNE
® Number of events 5 -2
traversing MicroBooNE 5
. Ay
broportional to 5 1072
a
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2-body Decay Signature

® Fully reconstructed final states

® Able to reconstruct the invariant mass of
HNL, a powerful discriminant o

N .

Focus on NOW:
more mature reconstruction

for Y than e d
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Background sample: pure
cosmic rays data fulfilling the
same trigger requirement but
not In coincidence with BNB

CR MUON DATA: RLIN 151680 FVENT 2949
FEBRUARY 24, 2018

nBooNE
S

SIMULATION 700 MeV HNL Decay
(Mass 370 MeV)

Signal sample for selection
optimization and BD T training:
pure HNL simulation
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Kinematic Selection

e Cosmic background comes G EoHE SOl
y Davide Porzio
from broken tracks and 7
sometimes delta rays g
k|
® Reduce cosmic background b
® [rack opening angle
AP < 2.8 rad
® |nvariant mass
< 500 MeV

® [rack momentum
calculated by its length

® Signal efficiency: (45-50)%

® Background efficiency: |.6%
54
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Fraction of events

BD [ [raining

ignal Backgroun
0.2 Signa 0.2 ackground
MicroBooNE
0.1 0.1
0 - - - 0 - - -
0 1 2 3 0 1 2 3
A@ [radians] Ag [radians]
0.2 0.2
0.1 0.1
O T T ! 0 T T T
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
lpn| [GeV] lon| [GeV]
0.6 0.2
0.4 -
0.1
0.2
0 ' ' T 0 T T T
0 1 2 3 0 1 2 3
6 [radians] 0 [radians]
0.2 0.2
0.1 0.1
= — o= e
0 - - - 0 - - -
-2 0 2 -2 0 2
¢ [radians] ¢ [radians]
0.2 0.2
0.1 0.1
O T T 0 T T
0.3 0.4 0.5 0.3 0.4 0.5
mpy [GeV] mpy [GGV]

BEE HNL Signal (370 MeV)

Off-beam data

® [ve kinematic variables for
BDT training

A®: 3D opening angle
between the two tracks
from the HNL decay

IpN|: momentum of the

HNL candic
O: polar ang

HNL candia

®: azimutha

HNL candia

ate

e of the
ate

angle of the
ate

mMN: the Invariant mass
of the UTT palr



Number of HNL candidates
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BD [ Discriminant
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MicroBooNE
POT: 2.0%x102°

HNL Signal x10
(285 MeV)

Off-beam data
¢ On-beam data
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HNL Signal x10
(325 MeV)

Off-beam data

{ ¢ On-beam data
1 +T1:i*1+1{
025 05 075 1
BDT score

Number of HNL candidates

—
o1
o

—_
N
o1

§

——

MicroBooNE
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HNL Signal x10
(365 MeV)

Off-beam data

100 $ On-beam data
75'i i
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25 1
T‘!‘
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0 0.25 0.5 0.75
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® > input variables of reconstructed HNL kinematics
for BDT training

® Validate the MC performance with the SM neutrino
MC and data samples

® | og-likelihood ratio (LLR) test statistic and set limits
at 90% confidence level
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Background Reduction

® SM neutrinos

® /020 analysis Phys. Rev. D [0] 05200
Utilize the longer time of flight of HNL produced by
BNB, 2x 1020 POT

® )022 analysis Phys. Rev. D 106 092006
Utilize the kaon decaying at rest in the hadron
absorber of NuMI, /x 1020 POT

® (Off-axis of the NuMI neutrinos

® Almost opposite direction to most of neutrinos
® (Cosmic rays

® [he cosmic ray tagger removes cosmic rays for part
of the data used in the 2022 analysis
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006

Outlook at SBN

® N—eim* larger parameter
space

® Higher sampling rate of light
systems in ICARUS and SBND

® [vents outside beam buckets

® Better sensitivity & cross check
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Courtesy of En-Chuan Huang
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