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What is MicroBooNE?

2= Fermilab o

. 85-tonne Liquid

Argon Time \‘ T =
-~ -~ \
Pro;ectlon Chamber | = =
| T = o e
MicroBooNE | e = SBN Near Neutrino
Detector Re T : | Detector Target
: ————
e W, — — — ’— L R T .—i _.\
& S el Eogs:;r_Ne—t-Jtrlno Beam 22 \ﬂ -’_\\\j\_d_, \\\
\________ﬂ__ A0S S e S e B e

e Non-standard neutrino oscillations

| More on MicroBooNE

J. Micallef’s talk

‘e Neutrino cross-section measurements ,
e Detector physics, R&D |
)

W. Foreman’s talk

. Beyond Standard Model physms — ThIS talkI
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https://indico.cern.ch/event/1199289/contributions/5447229/attachments/2703650/4693043/Sterile_Neutrinos_TAUP23_MicallefJ.pdf
https://indico.cern.ch/event/1199289/contributions/5445832/attachments/2703987/4693702/TAUP_2023_08_AmbientRn.pdf

LArTPC essentials

Sense Wires

u v X
Liquid Argon TPC

"
= ..
Light
Readout

- LAr volume in a uniform E-field
- Light readout (PMTs) records scintillation light

- Charge readout (wires planes) records
lonisation charge

|

Cosmic

muon =
tracks

/

Drift Time

Wire .
Number Neutrino

Interaction MBOONE g
32cm —

Run 5280, Subrun 106, Event 5302

- Excellent spatial resolution

" (3 mm wire pitch)
- Powerful particle identification
- Low detection threshold
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Beamlines @ MicroBooNE

NuMI Beamline Top View MicroBooNE observes flux from two neutrino beams
(j; ? S T
NuMI .~ Booster Neutrino Beam (BNB) |
Absorber
P . * 8 GeV protons
I * Mean neutrino energy: 0.8 GeV |
TR “‘ |
0 .
- * On-axis
~ 680 m l‘ |
~a70m ' Neutrino Main Injector (NuMI) |
* 120 GeV protons
BNB NuMI | *Mean neutrino energy: 1.5 GeV

Not to Scale

ﬂ o ~80 off-axis
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BSM physics with MicroBooNE

« New particles can be produced from meson decays

> Large flux of charged/neutral mesons from high intensity
proton beams

Neutrino portal
mixing of v-N

N?

Dark

Sector

G

v (neutrinos)

Standard
Model

A, (photons)
H (Higgs

Vector portal

mixing A -X,

Higgs portal

mixing H-S
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BSM physics with MicroBooNE

« New particles can be produced from meson decays

> Large flux of charged/neutral mesons from high intensity
proton beams

Neutrino portal
mixing of v-N

Meson decay in flight

K+
X
protons — target 7T+ v (neutrinos) N?
: \ Standard Vector portal Dark
it Model mixing A -X, Sector
—EBea m dum A, (photons) X,?

H (Higgs

Target Decay Pipe Beam Dump

W e
. P

Higgs portal

mixing H-S
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BSM physics with MicroBooNE

« New particles can be produced from meson decays

> Large flux of charged/neutral mesons from high intensity
proton beams

{ Neutrino portal }
mixing of v-N

Meson decay in flight

protons — target T

N?

Dark

Sector
e

n

v (neutrinos)

Standard
Model

A, (photons)
H (Higgs

Beam dump
Target Decay Pipe Beam Dump
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Higgs Portal Scalars
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Higgs Portal Scalars

* Neutral scalar singlet S, mixing angle 6 with (,m
the Higgs Decay in MicroBooNE 9%' /
s
)
* Production from charged kaon decays q &
* Decay to lepton or pion pairs Production in beam line o §* .-~
/8 > > > d~
K < W 2,6t .
~q < g

— . _— — e gl SO

=
o

-

| Consider productlon/decay fi
* H

<
o)

<
o))

<o
I

Branching Ratio

o
)

o
o

150 175 200 225 250 275 300 325 350

HPS Mass [MeV]

MANCHESTER A. Navrer-Agasson - TAUP 2023 - August 30, 2023 uBooNE

1824 ﬂg



Higgs Portal Scalars

 Neutral scalar singlet S, mixing angle @ with l,
the Higgs Decay in MicroBooNE (9%' 0
m
\ y
* Production from charged kaon decays q &
* Decay to lepton or pion pairs Production in beam line « 8% .-~
r S > "> > d
o -
MBOONR _ Ty K w ; ) T
\(2 4 (I/

Side view

* Kaons decaying at rest in the NuMI absorber

e Scalars travel “backwards” to MicroBooNE

NuMI target
and horns

> Very specific signature

Hadron
(not to scale) absorber
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Heavy Neutral Leptons

Standard
« Consider one new right handed mixing

singlet

« Mixing with active neutrinos via Upding'« = Urs)| Urn
extended PMNS matrix :
. NeW Usnl Uan Usn3 Usnnl
« HNLs can be produced in place of physics
neutrinos from meson decays
« Decay to SM particles
100
o ( -
g 10 * N - vvv .
g’ 10-2]== N-vete-
. — N-veu
E 1074 —— N-vr°
“ 10-5 s
— N->un
10500 005 010 015 020 035 030

Mass [GeV]
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Heavy Neutral Leptons

St_andard 3x3
« Consider one new right handed mixing

singlet

UExtended _

o Mixing with active neutrinos via PMNS  —

extended PMNS matrix

New

« HNLs can be produced in place of
neutrinos from meson decays

« Decay to SM particles

4“ Consider production/decay |
K — N — Iuyz' {t

= — == ———— e ;.]

HNL travels to
MicroBooNE

®\ U417

+/\

[¥~  Production ~ K+

MANCHESTER A. Navrer-Agasson - TAUP 2023 - August 30, 2023 uBOONE _ 14

1824 N



Expected signal(s)

Very similar signatures from Heavy Neutral Leptons and Higgs Portal Scalars!
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Expected signal(s)

Very similar signatures from Heavy Neutral Leptons and Higgs Portal Scalars!

Perfect setting for a joint search!
o Search for long-lived particles produced in the NuMI absorber

e TWO signals:
« Heavy Neutral Leptons: 246 < m,,, < 385 MeV, decay to urx
. Higgs Portal Scalars: 212 < my;», < 279 MeV, decay to u ™ u~

I . vare f 4cm

umber
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Joint long lived particles search

—— B e —————_ = ——— .

= * Each model generated separately

| | * Generate several scalar/HNL mass points

« Train separate BDTs for each mass point ‘

~* Initial selection based on event topology & *\
kinematics

= _ -

- ® Targets:

S

> Cosmics ' Boosted Decision

> Neutrino interactions

* Same selection applied for both models

MANCHESTER A. Navrer-Agasson - TAUP 2023 - August 30, 2023

1824



MicroBooNE’s result

Phys. Rev. D 106, 092006 (2022)

Heavy Neutral Leptons Higgs Portal Scalars
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006

MicroBooNE’s result

Phys. Rev. D 106, 092006 (2022)
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MicroBooNE’s result

Phys. Rev. D 106, 092006 (2022)
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One order of magnitude increase in sensitivity First constraints from a dedicated
compared to previous MicroBooNE result. experimental search for a range of parameters

MANCHESTER A. Navrer-Agasson - TAUP 2023 - August 30, 2023 pBOONE 11


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006

MicroBooNE’s result

Phys. Rev. D 106, 092006 (2022)

Heavy Neutral Leptons Higgs Portal Scalars
10-5
1076 N
. 107
T 1077~ <
> B ) \ My | oo - N
0 Both results are belng updated to mclude more
o _production/decay modes. .
—— e — e e e
One order of magnitude increase in sensitivity First constraints from a dedicated
compared to previous MicroBooNE result. experimental search for a range of parameters
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More models to explore!

Dark tridents Millicharged particles

* Dark matter produced via dark photon

. * Particles with a fraction of electric charge
mixing

e Scatter off atomic electrons and cause

* Meson decays in NuMI beam “blips” of ionisation in LAr

* Use state-of-the art deep learning * Novel low energy reconstruction
methods techniques

MicroBooNE simulation

MANCH%SZXER A. Navrer-Agasson - TAUP August 30, 2023



Neutron-antineutron transition

« Baryon number violating transition allowed in /X‘r NN
some extensions of the Standard Model )\JL

o Intranuclear transitionn — n

« Resulting n annihilates with a neighbouring
nucleon

> Final states with multiple pions

> Striking “star”-like topology in MicroBooNE

MICI’O NE Run 13938 Suyrun 113 Event 5687

* MigroBOONE Simulation GENIE v5.00.04 . Novel event selection combining BDTs

//

and deep learning

o First ever proof-of-principle for future
searches in LArTPCs

y (Vertical direction)

z (Beam direction) arxiv 2308.03924
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https://arxiv.org/pdf/2308.03924.pdf

Summary

* MicroBooNE is a multi-purpose detector with access
to a wide range of signal sources and signatures

> Excellent capabilities in sub-GeV BSM searches | Mi”ichalrged
particles S

== S N
= s
7’

* Exciting results published recently N— el /' Neutron-

P gt~

antineutron

: A\ _~\ transition
* More searches in the near future: S MicroBooNE |
-~ \\ | i \ | /‘ | )

AP
~ 2
e

> New models/channels

if

[Insert new | N

/
"' .
» More data | w N
\  model here] | . o
\ s ~ X F N N
e ~ 4 = T~
4 __ \\\
— = - \,\ \‘\\
N V4 4 d \\ N 4 / \
S o / 4 . \ 4 A N\ \

* Pioneering techniques to be used in

future LAFTPC experiments | [ Feavy Neutral 1} |

Scalar
Leptons

* |f you have an idea of something we should N\ \

search for, get in touch!
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Data collected by MicroBooNE
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Majorana HNLs vs. Dirac HNLs

Majorana HNL 1900 HNL mass: 300 MeV
eN—>u"n~and N - u~rn™" 1000 -
* |sotropic decays (summing 300 -

both channels)
600 -

Dirac HNL 400‘M
200 -

eN = u ztonly

sisay] S,01z10d apineq

0 | | |
—-1.0 —-0.5 0.0 0.5 1.0

* Half the event rate of Muon cos 6 w.r.t. beamline

Majorana HNLs
—— Majorana/2

* Asymmetric angular spectrum —— Dirac, reweighted
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HNL late window trigger (BNB)

: : , Some HNLs will arrive later than
HNL time of flight depends on its neutrinos in MicroBooNE!

mass and momentum ) | - 5
Late window” trigger specifically for

this analysis

Momentum [MeV]

- 00 5(?0 10.00 15|00 20{00 25100 3000 . . . .
| o b MoV ENL | —— SM ceutios = Effectively eliminates in-beam
4.5 — 250 MeV HNL ---BNB trigger window N

oo Mov NI neutrino events

>
o

: MicroBooNE Simulation

3.0 1

.
o
)

Time of travel [us]
w
o

]

Fraction of events
()
(@)
H>

(0Z02) 1L002S0 ‘LoLa A9y sAud

L 0.02
L0 500 1000 1500 2000 2500 3000 A .
500 1000 Enii? [Mevz]o'oo 2500 3000 29 > 5> toA > >-> °
Energy [MeV] Event time [us]
500 1000 1500 2000 2500 3000 === BNB neutrinos @ —-- BNB Trigger window

E MeV
nergy [MeV] == HNL (365 MeV)  ----- HNL Trigger window

MANCHESTER A. Navrer-Agasson - TAUP 2023 - August 30, 2023 uBooNE



HNL Arrival Time (NuMl)

MANCHESTER
1824

25

N
-

Event Time [uS]

— Trigger Window
—— Target v Range

KDAR HNL Range

-
U

-
o

0.26 0.28

A. Navrer-Agasson

0.30 0.32 0.34 0.36 0.38
HNL Mass [GeV]
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Signal event generation

- —— = = — ] —_ — = = - — _ -
|

Equatlon from the theory paer ﬂ S|gnature |n MlcroBooNE |

e ——— e ——— g — 7 N e —— ey _

iﬂ-
|

//’
>

—
W
!

= o Kaons Fa \” » ' Generate | | . Apply beam

{
e e e e ,u
ki

- MicroBooNE | | smearing |

e S

Custom generator developed for the first MicroBooNE HPS search
= Adapted to extend HPS mass range and include HNLs
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Initial selection

Total energy reconstructed

1. Slice identification lH Sl e
300 - I anerlzata
2. Vertex building s
E Bl Out-Cryov
[—1 HNL (mpn. =304 MeV)
3. Preselection 5 200-
» Obiject multiplicity T
> Containment 100-
> Kinematics
©
> Calorimetry g
o =40
> Cosmic rejection ) I
. : - AR e
4. Final selection efficiency: (13 - 30)% o i It
(O
1 | 1 | |
go 0 100 200 300 400 500

Es [MeV]
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Boosted decision trees

. MicroBooNE NuMI Data - - o o —
—= fol g D) » Use Boosted Decision Trees to
e - discriminate candidates passing |

e Bl Out-Cryo v (59.6)
-

B 1 Beam-Off (412.1)

1 HNL (14.3) x5

initial selection

o Gradient boosting algorithm
XGBoost is used to train BDTs

e « Train separate BDTs for each LLP
e e me | mass point
|Og|t[BDT304]
MicroBooNE NuMI Data > Reconstructed calorimetric and

POT:5.01 x 102° (RHC)

kinematic variables

1 {f NuMI Data (1143)

B n-Cryo v (621.3) o Trained BDTs applied to data &

Bl Out-Cryo v (55.6)

B [ Beam-Off (510.1) | simulation

1 HNL (35.5) x5

s « Data well modelled by background
prediction across runs

e
——————

e No excess observed in data

—r—7— o Set limits on mixing parameters
0 : 2|Ogit::|}:BDT:04] ; :

MANCHESTER
1824
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MicroBooNE NuMI Data
POT:2.00 x 1029 (FHCQ)

i NuMI Data (422)

B In-Cryo v (149.3)
Bl Out-Cryo v (31.0)
1 Beam-Off (225.5)
1 HPS (9.7) x5

|Og|t[BDT275]

{ NuMI Data (859)
- - B n-Cryo v (449.2)
: Bl Out-Cryov (42.5)

MicroBooNE NuMI| Data
POT:5.01 x 1029 (RHC)

[ Beam-Off (365.2)
1 HPS (26.5) x5

| T T | | I
1 2 3 4 2 6

BDT Score (mpps=275 MeV)

uBooNE
—— =




Systematics evaluation

Sample re-simulation Event re-weighting

« MC simulation with single modified o |
parameter o Produce altered distributions with one

or more modified parameters

 Modified simulation compared to

L o Assign a weight to events based on the
central value to determine impact J J

difference between central value and

modified distribution
e Used for detector uncertainties

— — —_— — = = —

e — — s . - -

= — ——-— —— - - - w - e —— —— e - — — —— — - —_— w—v— R — — e e i A = .~ = - ——— -~ —
- — ————— — iy —— — —_— ——— — e ——— — =

e —— - —— ——— — — = -— — e e B g e ——— . —~— — = _ = —_— ——

s — — —_— — — —
—

o Multi-sim method: randomly sample multiple parameters within their
uncertainty range

o Each iteration produces a new “universe”, represented by a set of event
weights

o Uncertainty is estimated the central value and sample variation(s)
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Coming soon: Updated HNL and HPS results

10° —
Heavy Neutral Leptons | /

- Extend the HNL search to two new decay channels:
N = vete” and N — vn’

Branching ratio
—
=

, N_vu |

-
o
&

. Probe lower HNL masses (< 250 MeV) comparedto N — un

—_— N->un
. Search for kaons decaying at rest in the NuMI absorber 10000 005 010 015 020 025 030
Mass [GeV]
Higgs Portal Scalars
A\ 4

- General search for HPS from NuMI kaon decays:

A

MicroBooNE
A 4 »

- Both kaon decays in flight and at rest KDAR Target 9 X
NuMI target S k“‘ S
- From NuMlI target and absorber fng o S oo

KDIF
. HPS decaytoe ' e

Hadron

(not to scale) absorber
KDAR Absorber
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Coming soon: Dark Tridents

* Dark matter produced from neutral meson decays
in the beam via dark photon mixing

* Scatter off argon, accompanied by a dark photon
radiation subsequently decayingto ete™

X
—d LR

* NuMI off-axis search: neutrino background
reduction

detector

Neutrino portal
mixing of v-N

v (neutrinos) N?

Main Injector 4 Ny .
— U Standard J§f Vectorportal 3 Dark
léga?nev Model M mixing A -X, ‘ Sector
A, (photons) : :i‘i:.‘.; e X,? o=
H (Higgs e
Neutral mesons |
are not focused by ;‘ H1gg§ portal
: | mixing H-S
magnetic horns |

LS
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Coming soon: Dark Tridents

* Dark matter produced from neutral meson decays
in the beam via dark photon mixing

* Scatter off argon, accompanied by a dark photon
radiation subsequently decayingto ete™

| X
= R L

* NuMI off-axis search: neutrino background
reduction

detector

EXn — ], A[\/ﬁ‘[‘.y e

NuMI Beamline Side View — K 10-7

Expected 10

events signal -, 1
contour in

MicroBooNE

Main Injector

[ S—

_~“10-Interaction
expected contour

120 GeV
Beam

100(6L0Z)LOd3HCr

108

Neutral mesons | 10-10

are not focused by |
magnetic horns |

“)—11 | | | 1 111l
102 101 |
M 4 [(}(*\f’]

LS
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©(1 ns) timing resolution

arXiv:2304.02076

MicroBooNE

20 -
80 2.13 x 107" POT

e Demonstrated 1.73 £ 0.05 ns resolution
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