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MicroBooNE at Fermilab
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e Liquid argon time projection chamber (LArTPC)

Active mass 85 tonnes
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e Dimensions: 10.36 x2.56x2.32 m?
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MicroBooNE:

e Liquid argon time projection chamber (LArTPC)
e Active mass 85 tonnes

e Dimensions: 10.36 x 2.56 x 2.32 m?

e Atsurface level
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uBooNP MicroBooNE at Fermilab VAN

Booster Neutrino Beam (BNB):

° Proton energy ~8 GeV
Neutrino energy ~0.8 GeV
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MicroBooNE:
e Liquid argon time projection chamber (LArTPC)
e Active mass 85 tonnes
e Dimensions: 10.36 x 2.56 x 2.32 m?
e Atsurface level
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Neutrinos at the Main Injector (NuMl)
° Proton energy 120 GeV
e  Neutrino energy ~1.5 GeV
e  Off-axis (~8 deg)
e Baseline: 680 m
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MicroBooNE:

e Liquid argon time projection chamber (LArTPC)
e Active mass 85 tonnes

e Dimensions: 10.36 x 2.56 x 2.32 m?

e Atsurface level
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MicroBooNE: Rich physics program:

e Neutrino physics (Oscillations, cross section)
e BSM physics (This talk)
e LArTPCR&D

e Liquid argon time projection chamber (LArTPC)
e Active mass 85 tonnes

e Dimensions: 10.36 x 2.56 x 2.32 m?

e Atsurface level
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Cathode

Light
Readout

Charge Readout
from Wire Planes

Light is collected by an array of PMTs
Charge depositions are collected by three different wire planes with different orientations

3D reconstruction of the interactions
3 mm spatial resolution
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Light

Readout 1

Light is collected by an array of PMTs

Charge depositions are collected by three different wire planes with different orientations
3D reconstruction of the interactions

3 mm spatial resolution

Charge Readout
from Wire Planes

Run 3493 Event 27435, October 23rd, 2015
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Charge Readout
from Wire Planes

Run 3493 Event 27435, October 23rd, 2015

Light is collected by an array of PMTs

Charge depositions are collected by three different wire planes with different orientations
3D reconstruction of the interactions

3 mm spatial resolution
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What makes MicroBooNE a good place
to search for BSM physics?

e Access to high intensity proton
beams (on-axis and off-axis)

e Good spatial and calorimetric
resolutions, which translates in

good particle identification

® Low detection threshold
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What makes MicroBooNE a good place
to search for BSM physics?

e Access to high intensity proton
beams (on-axis and off-axis)

e Good spatial and calorimetric
resolutions, which translates in

good particle identification

® Low detection threshold
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nBoONE MANCHEZER
Where does pyhf fit in this story?

e We want to probe BSM models. This typically involves performing a hypothesis
test and using many HEP-dedicated statistical tools, such as asymptotic
approximations and the CLs method

e Historically, in MicroBooNE this has been done with RooStats or with COLLIE
(both C++ packages)

e Pyhf offers all the needed tools all of them embedded in Python, which is one of
the most used languages nowadays
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Heavy Neutral Leptons (HNLs)
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e Right-handed fermion singlets (N) Standard s
mIXIng E'Jel UeZ [}63 Uen
e Masses from keV to GeV Ui Uue Ugs Upn
Ugﬁﬁ%ded = Ur1 Uro Urs Urn
e Mixing with SM neutrinos through the extended : 5 : :
PMNS matrix New Usnt Usnz Usus Usur
physics
e Production and decay rate scale with |U,|?
HNL Production wt
e MicroBooNE has performed several HNL searches, / ,
today I’lcljflgcus on the most recent result (recently K+ >
accepte PRL
pted by PRL) mﬂ?\
arXiv:2310.07660v1 N
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HNL decay channels
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Decay mode into charged
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Simulation

Decay vertex
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HNL decay channels MANCHESTER

100 Ft

- . lir ‘>/f
T 10-2 -
; N - voy
£103] — N-vee
S — N-veu
510_4 — N-vn°
@ 10—5 N_)VIJIJ

| — N-oun

106 . ' , ; ;
50 100 150 200 250

Mass [MeV]

300

The University of Manchester

Decay mode into neutrino
and a neutral pion
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Simulation
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e The BDT (XGBoost) distributions are passed to pyhf to set limits
e Background samples: Cosmic ray interactions and neutrino interactions

e Two different channels: MicroBooNE Run 1 and Run 3 (shown here)

differentiable
YLikelihoods

MicroBooNE NuMI Data

Out-Cryo v
5.01 x 10%° POT

 m—

I In-Cryo v
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=l
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Data
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BDT Score (muyy. = 100 MeV)
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e DM models with masses below the WIMP mass range are becoming attractive due to

their rich phenomenology
e They might also explain the observed DM abundance
e Typically, these models include a new force carrier and one or more DM species

1 1
L= Lom+ Ly~ 7F F™ + - ML ALAY — g Fl, F
Mass regime:
o iXPx — MyXx, (Dirac fermion DM) My < 2M X
- |DuX‘2 — MZ|x|?, (Complex scalar DM)
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e DM candidate can be produced at fixed-target facilities through neutral meson decays
e Off-axis search of DM scattering has been proposed in: arXiv:1809.06388
e Interaction channel: DM scattering with the emission of an on-shell dark photon

x(p1) x(p3)

m0 =mmmmm-e- x(k1)

gp

Ar(pz) Ar(ps)
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nBooNP. _ Dark trident search strategy MANCHEGIER

In progress
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nBooNP. _ Dark trident analysis

e Backgrounds: neutrino interactions and cosmic muons crossing the detector
e We trained a convolutional neural network to discriminate signal from

background
e Analysisrelies on the 2D images produced by MicroBooNE

O PyTorch

The University of Manchester

nBooNE In progress

Drift Time

Run: 5985, Subrun: 28, Event 1446

Wire Number
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nBooNE__ Dark trident analysis E

The University of Manchester

e We trained a convolutional neural network to discriminate signal from

background
e Analysisrelies on the 2D images produced by MicroBooNE

l,lBooNE In progress

uBooNE In progress

Drift Time

O PyTorch

Drift Time

MicroBooNE NuMI Data
Signal score: 0.998

Run: 5985, Subrun: 28, Event 1446 Run: 5985, Subrun: 28, Event 1446

Wire Number Wire Number
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e The CNN score distributions are passed to pyhf to set limits

e Uncertainties on the background and signal samples are included using modifiers

e Two different channels: MicroBooNE Run 1 and Run 3 (shown here)

MicroBooNE, in progress
MicroBooNE NuMI Data Run 3, 5.0 x 10%° POT

Beam-off

Out of cryo v
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CNN signal score (M4 =50 MeV)
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A closer look on how we use pyhf

Lf

differentiable
Yikelihoods
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Both analysis have a similar workflow. We used as a guide the tutorial presented in:

https://pyhf.github.io/pyhf-tutorial/HelloWorld.html

Our first step was to setup the distributions using the JSON template, declaring the signal
strength as the parameter of interest

MicroBooNE, in progress

MicroBooNE NuMI Data Run 3, 5.0 x 102° POT
MicroBooNE NuMI Data = Out-Cryo v 300
5.01 x 1020 POT
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>
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g 15 0
T 1.0 S T
® I = 05
no.s @ i T
. K3 K3 I
5 4 3 2 -1 0 1 2 3 4 5+ 2 -0.5
BDT Score (myy, =100Mev) b v v
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CNN signal score (Ma =50 MeV)
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NuMI Run 1 v Detector Variations

e Method used for uncertainties where one effect is

700 1 Light Yield Down
ool T Light vield Rayleigh turned on/off, or one parameter value is changed
r ecomboination . .
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500 Wire Mod dEdx
" [ [1 Wire Mod 8y,
£ 400 | i d 6y, . . .
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oo L) e Mal Y2 resimulating the nominal sample
200
100f by e Thisistypically the approach we take for detector
e — e modelling uncertainties
S o —_— ] e We add all the detector-related uncertainties in
2 °F L .. quadrature
. MlcroBooNE n progress
5 N | e We declare this as an uncorrelated shape sys in
o 50
2 % pyhf
°\° ........................... | N
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CNN signal score
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usoon2_ Uncertainties: reweighting method MANCHESTER

NuMI Run 1 PPFX Multisim <00
oV e Multiple parameters are simultaneously

500 samples to create alternative models. We
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200 MicroBooNE, in progress

400
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Events
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e Theuncertainties are passed to the JSON template using different modifiers
e We alsoinclude bin-to-bin correlations and between runs
e We tried different correlations, but some of them are subdominant

MicroBooNE, in progress

70
HNL search uncertainties e 3 statistics
1 v Flux
Uncertainty source Correlations Form of modifier B‘ 1 v Cross Section
bins sig. & bkg. runs < 501 1 Reinteractions
MC statistical N N N Gaussian g 40 s zeteétor MT\lde”m?. 7 N
Detector variations N N N Poisson ) E u -d ryto v sorma isation
Absorber KDAR Flux Y N/A Y Gaussian g 30/ |E==_Quadrature Sum I
Out-of-cryostat ¥ normalisation Y N/A N Gaussian o 201 |
Genie, Flux and reinterations N N/A N Poisson o\o _____ e !
104 (7777 bl ]
L | ) E
4

o

2 «1. 0 1 2 3 5+

BDT Score (mun. = 150 MeV)
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e Theuncertainties are passed to the JSON template using different modifiers
e We alsoinclude bin-to-bin correlations and between runs
e We tried different correlations, but some of them are subdominant

MicroBooNE, in progress

70
HNL search uncertainties | [ EERKeS
1 v Flux
Uncertainty source Correlations Form of modifier b [ v Cross Section
bins  sig. & bkg.  runs € 501 0 Reinteractions
MC statistical N N N Gaussian g 40 [ Detector Modellmg. I
Detector variations N LN N J Poisson Q E‘ Qui-Cry o Nonmalisakion
Absorber KDAR Flux Y N/A Y Gaussian g 301 (=== 'QuadraturaSum I
Out-of-cryostat ¥ normalisation Y N/A N Gaussian D 201 N
Genie, Flux and reinterations N N/A N Poisson o\o _____ e !
10{ 7777 --——7 ]
I I I E
4

o

2 1 0 1 2 3 5.
s it possible correlate bin-by-bin shape BDT Score (myn. = 150 Mev;
uncertainties across signal and background?
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e Theuncertainties are passed to the JSON template using different modifiers
e We alsoinclude bin-to-bin correlations and between runs
e We tried different correlations, but some of them are subdominant

MicroBooNE, in progress

70
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e Theuncertainties are passed to the JSON template using different modifiers
e We alsoinclude bin-to-bin correlations and between runs
e We tried different correlations, but their effect is subdominant

MicroBooNE, in progress

70
HNL search uncertainties e 3 statistics
1 v Flux
Uncertainty source Correlations Form of modifier B‘ 1 v Cross Section
bins sig. & bkg. runs < 501 1 Reinteractions
MC statistical N N N Gaussian g 40 s zeteétor MT\lde”m?. 7 N
Detector variations N N N Poisson ) E u -d ryto v sorma isation
Absorber KDAR Flux Y N/A Y Gaussian g 30/ |E==_Quadrature Sum I
Out-of-cryostat ¥ normalisation Y N/A N Gaussian o 201 |
Genie, Flux and reinterations N N/A I N I Poisson o\o _____ I !
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e We also tried these as histosys BDT Score (mun. = 150 MeV)

and correlate them
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e We calculate 90% CLs upper limits with the method: pyhf.infer.intervals.upper_limits.upper_limit()
e The process is repeated for different parameter combinations depending on the model

Fermion DM (ap = 1.0, M,/My = 2.0)

10°f
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COLLIE is a C++/ROOT package built within the DO collaboration (no longer maintained)
Goal is similar to pyhf: Provide a framework for statistical modelling and inference
Only NLLR (t_mu)

Only toy-based calculations

Results obtained are comparable to the ones we obtained with pyhf (~10%)
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nBooNE _ Upper limits: Toy-based VRS

e In both analysis we also cross checked the limits obtained from the asymptotic approach
with the limites obtained using toys. This was done only for one mass point

e We used 2000 toys and then we calculated the limits “by hand”

e Theresults agree with those from the asymptotic method within 5%

Test Statistic Distributions from Toy MC Variations

E 3 AGal1)
o 1 A(Gul0)
: ecd Ps+b
X3 pp
—— Observed
S 0
& Is there a quick pyhf-way to plot the respective
" asymptotic functions for gtilde?
10—3 | l—|
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e Pyhfhasbeen used in recent BSM searches in MicroBooNE

e Werecently published a new HNL search (accepted by PRL), which is the first MicroBooNE analysis
using pyhf

e Ourdark trident search also uses pyhf, and will be public soon (stay tuned!)

arXiv:2310.07660v1

Things we like: 102
e Good synergy with other python
packages: XGBoost, Pytorch
e Flexibility to construct models and
store them
e Allows different uncert
correlations and test statistics

|Upal? limit at 90% C.L.
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|
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Thanks for your attention!
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uBooN2_  Appendix: The MicroBooNE detector
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MBooNP _ Appendix: MicroBooNE data

e Daily neutrino beam
e Daily antineutrino beam
4 Accumulated beam MicroBooNE
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