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Short-Baseline Neutrino Program at Fermilab
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Short-Baseline Neutrino Program at Fermilab
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* Three liquid argon time projection chamber (LAr TPC)
experiments at O(100 m) baselines

- Search for light O(eV) sterile v/ MiniBooNE low energy excess

* LAr TPC development
- Detector technology

— Simulation, reconstruction, and analysis tools

* Precision v-Ar cross sections
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Short-Baseline Neutrino Program at Fermilab
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Short-Baseline Neutrino Program at Fermilab
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Liquid Argon Time Projection Chamber

* Fully active tracker-
calorimeter

 mm3 / few ns resolution

Initial State Final State

* ¢/y separation

Low thresholds

- p 250 MeV/c
- e/uw/n 100 MeV/c
-y 30 MeV/ce &
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MicroBooNE (uB)
* 170 (85) tonnes (active) LAr
* Operated 2015-2021

* World’s largest v-Ar dataset
(~500k 1nteract10ns) to date
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Neutrino Cross Section Measurements

* Leading systematic in oscillation measurements
* v-Ar measurements lacking (important for DUNE)

* Heavy targets — more stats but harder to model
* Popular generators: GENIE, NuWro, NEUT, GiBUU
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Neutrino Cross Section Measurements
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MicroBooNE Cross Section Results

* CC Inclusive . CCOR
- 1D & 2D v, CC inclusive (@ BNB
Phys. Rev. Lett. 123, 131801 (2019)
- 1Dv, CCE, @ BNB
Phys. Rev. Lett. 128, 151801 (2022)
- 3DCCE, @ BNB
arXiv:2307.06413, submitted to PRL
- 1D v, CC inclusive @ NuMI

- 1D v, CCNpOn (@ BNB
Phys. Rev. D 106, L051102 (2022)

- 1D & 2D v, CClpOn Kinematic Imbalance @ BNB
Phys. Rev. Lett. 131, 101802 (2023)
Phys. Rev. D 108, 053002 (2023)
arxiv:2310.06082, submitted to PRD

Phys. Rev. D105, L051102 (2022) - 1Dv, CClpOr @ BNB
Phys. Rev. D104, 052002 (2021) Phys. Rev. Lett. 125, 201803 (2020)
- 1D v, CC2p @ BNB

* Pion production
- v, NCn0 @ BNB
Phys. Rev. D 107, 012004 (2023)
e Rare channels
— A production @ NuMI

Phys. Rev. Lett. 130, 231802 (2023) 15 publications and more than 30 active analyses
— 1 production (@ BNB

arXiv:2305.16249, submitted to PRL

arXiv:2211.03734
- 1D v, CCNpOn @ BNB
Phys. Rev. D102, 112013 (2020)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.151801
https://arxiv.org/abs/2307.06413
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.L051102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.012004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.231802
https://arxiv.org/abs/2305.16249
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051102
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.053002
https://arxiv.org/abs/2310.06082
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
https://arxiv.org/abs/2211.03734
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112013

MicroBooNE Cross Section Results

e CC Inclusive
- 1D & 2D v, CC inclusive (@ BNB
Phys. Rev. Lett. 123, 131801 (2019)
- 1Dv, CCE, @ BNB
Phys. Rev. Lett. 128, 151801 (2022)
3D CCE, @ BNB
arXiv:2307.06413, submitted to PRL

e CCOzx

—6) v, CCNpOn @ BNB \
Phys. Rev. D 106, L051102 (2022)

1D & 2D v, CClp0On Kinematic Imbalance @ BNB
Phys. Rev. Lett. 131, 101802 (2023)

Phys. Rev. D 108, 053002 (2023)

D v.CC inclusive @ NaMI \arxiv:2310.06082, submitted to PRD W,
Phys. Rev. D105, L051102 (2022) - 1Dv, CClpOr @ BNB
Phys. Rev. D104, 052002 (2021) Phys. Rev. Lett. 125, 201803 (2020)
* Pion production _[ID v, CC2p @ BNB ]
{v, NCn0 @ BNB ) arXiv:2211.03734

- 1D v, CCNpOn @ BNB

|Phys. Rev. D 107, 012004 (2023)
Phys. Rev. D102, 112013 (2020)

e Rare channels

(A production @ NuMI )
Phys. Rev. Lett. 130, 231302 (2023) Results shown used ~1/2 MicroBooNE dataset
1 production @ BNB

@rXiv:2305 .16249, submitted to PRL -
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.151801
https://arxiv.org/abs/2307.06413
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.L051102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.012004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.231802
https://arxiv.org/abs/2305.16249
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051102
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.053002
https://arxiv.org/abs/2310.06082
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
https://arxiv.org/abs/2211.03734
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112013

VHCC Inclusive 3D
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https://arxiv.org/abs/2307.06413

VHCClpOn Kinematic Imbalance

* Assumptions about v kinematics
— Total transverse momentum (p;) = 0, visible energy (E.,) ~ p,

— Deviations — FSI / nuclear effects

* 2D analysis in transverse plane (TKI) Hegvy pt pF
. nucleus
* New method generalizes to 3D (GKI)
e Study magnitude (dp; / p,) and orientation of imbalance (6o / o;p)
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v CClpOn 2D TKI

Fiest 2D TR analysis for Ar Eoes) Phys. Rev. Lett. 131, 101802 (2023)
* Greater model discrimination power Pley  MurOBHpEEDia
: = 7 i ghom | Phys. Rev. D 108, 053002 (2023)
* Ability to target different aspects of &g 4o} - :EEIE\%:IB_E%I[':% (45?*%)” L3
FSI/HUClear effeCtS b %U 30 ;('il:\‘ FSI ll“.“;}]:i)l ks dféwo
o ZL o o R
> 3 Oy &
S g 2. “Sp
O 10 He Qa. C8y
/b' zt.e
o == y

=i
oo

0.2 0.4 0.6

-GI8 FSI(10.1/11)

Sot. < 45° 5P-1- [GeV/e] 135° < 8ot < 180°
.
—— MicroBogNE Data
T o3 | | i e 6.79 x 102 POT
w3 ... : Stat®Shape w Norm o 25k i IS;at@Shape:v; Norm
= 0.25 BT T -Q - = --GiBUU no-FSI (87.2/13)
Elo -GiBUU no-FSI (70.5/11) E 3 Gi A
518 : 5 —GiBUU FSI (9.4/13)
=4 i _GiBUU FSI (3.2/11) BUU FSI (9.4/13)
¥ 02 i 1 .G18 no-FSI (24.9/11) - G18 no-FSI (86.1/13)
< | T S1(24.9 ~GI8 FSI (14.7/13)

...................... ”
l : [

0.4 06 0.8 ' : : =
P VR 8p, [GeV/c]

24/10/23 Hilgenberg | uB Xsec Program | NuTel23


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.053002
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Novel technique building on 2D TKI analysis

More information — additional model
discrimination power

G1BUU has sophisticated nuclear transport model
GENIE best when FSI non-dominant

\% CClpOn 2D GKI
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https://arxiv.org/abs/2310.06082

VHCCZpOn
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https://arxiv.org/abs/2211.03734

v CCNpOm

First differential v_-Ar cross section in this channel

Phys. Rev. D 106, L051102 (2022)

Results in terms of electron and proton kinematics

Reasonable agreement across generators

* Important result for future LAr based BSM searches
1eNpOn MicroBooNE 6.86 x 10®° POT 1eNpOr MicroBooNE 6.86 x 10%° POT
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— —— GENIE v3 (p-value=0.917) [ — — GENIE v3 (p-value=0.600)
-------- GENIE v2 (p-value=0.172)
1 NuWro (p-value=0.367)

----- NEUT (p-value=0.058)

-------- GENIE v2 (p-value=0.319)
iy NuWro (p-value=0.710)
————— NEUT (p-value=0.161)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051102

° ° — 2.5
* First exclusive E T MicroBooNE [
E - s GENIE v3.0.6 (G18_10a_02_11)
measurements on Ar T ot
S ‘__' ¥ < : GENIE v2.12.10
* Op and 1p channels B Bl =S
= 15F< ——————— e = = NUWrO v19.02.1
* Background constraint for = F % |
e¢/y analyses = - AR PO v
e NEUT yields overall best gl rererrerees QELl 4
agreement N —o Semi-Inclusive | _ Exclusive e Exclusive
B NC 1n° NC 11n° + 1 proton| NC 17° + 0 proton

Phys. Rev. D 107, 012004
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.012004

A Baryon Production

* First measurement w/modern detector Phys. Rev. Lett. 130, 231802

* Rare — 5 events observed
* Identified via invariant mass and vertex separation Uy +Ar = p + A+ X

— Posterior Dist. [JJJJj 68% cr — - MicroBooNE GENIE Tune

— - NuWro Default — - NuWro M, = 0.5 GeV — - NuWro M, = 1.5 GeV

MicroBooNE Runs 1 + 3
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.231802

n Meson Production

) tion dominated by N(1535 in uB

n production dominated by N(1535) resonance in u arXiv:2305.16249, submitted to PRL
* Predicted proton decay mode
* New tool for studying higher order resonances

* Higher mass (548 MeV) standard candle for energy scale calibration
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https://arxiv.org/abs/2305.16249

Outlook

* CC inclusive * CCOrn
- v, CC inclusive @ NuMI - v, CCOm inclusive @ BNB
- Vv, /v, ratios @ BNB, NuMI - 2D v, CCNpOn (@ BNB
- 3D E,, E,, hadronic energy (@ NuMI & BNB - 1D v, CCOnNp @ NuMI
- v, @ NuMI - 1D v, NClp0On @ BNB
* Pion production * Rare & novel channels
- v, CCln* @ BNB, NuMI - v, CC kaon @ BNB, NuMI
- v, CCNnt @ NuMI — MeV-scale physics
- 1D v, CCn® @ BNB — Neutrons (@ BNB
- 2D v, CC/NC n° (@ BNB
- 2D v, NCn @ BNB

— Kinematic imbalance
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Summary

* Diverse, comprehensive
Cross section program

27
nBooNE

Thank you for listening :)
* Full dataset analyses

(~2x stats) coming soon

e Stay tuned!

Run 3469 Event 28734, October 21°*°, 2015
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Backup
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Uncertainties

Flux

ntensity of v source

Cross section

/1

.ﬁ 7 (%)

Out-of-cryostat v interactions

-
-
.
.
..........

Hadron rescattering

24/10/23

POT counting P

- -b‘: (2%)

Protons-on-target precision

A. Papadopoulou
(breakdown for 2D TKI analysis)

+  Statistical (1.5%)
+ Number of argon targets (1%)

Total (11%)

Systematics-dominated analysis

42
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Neutrino Event Generators at a Glance

e GENIE — version 2 and version 3

— We have our own tune of v3

* NuWro — more theory focused generator, developed by
University of Wroctaw group

* NEUT — developed in-house by the SK/T2K collaboration

* GiBUU — more quantum mechanical, solves the Giessen-
Boltzmann-Uehling-Uhlenbeck nuclear transport equations
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https://www.sciencedirect.com/science/article/abs/pii/S0168900209023043?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.072001
https://nuwro.github.io/user-guide/
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://gibuu.hepforge.org/
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