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Neutrino-nucleus interactions in LArTPC

* Liquid Argon Time Projection Chamber (LArTPC) is one key
technology in the current and future neutrino oscillation experiments

* Understanding v-Ar cross sections is critical in reducing systematic
uncertainties to reach desired precision of these experiments
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LArTPC: fully active tracking calorimeter

Made by Bo Yu (BNL)
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* Both v, and v, cross sections are important for oscillation

measurements

At MicroBooNE, two beamlines are available:

— Booster Neutrino Beamline (BNB): on-axis, >99% v,, + v,
— Main injector neutrino beam (NuMI): off-axis, 4% v, + V,



MicroBooNE Detector: An 85-ton LArTPC

* 8192 wire channels to detect ionization charge
* 32 8-inch PMTs to detect scintillation light

* Physics Motivation:
* Address MiniBooNE Low Energy Excess
 LArTPC hardware & software R&D
e Study v-Ar interactions
e Largest v-Ar data set (~0.5 M in 2016-2021)

Light collection system

Behind a 3-view wire plane

8192 wires

Within a cryostat
filled with liquid argon
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Studying v-Ar cross sections at MicroBooNE

* Leveraging LArTPC’s excellent capability of tracking calorimetry

— Understanding of charged-current (CC) inclusive and neutral-current (NC) mt°
cross section is desired for oscillation measurements

— Exclusive cross sections further guide event generators to pin down
underlying reaction mechanisms

— Explore neutrino-argon cross sections for rare processes
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First double differential cross section
measurement on argon

— Model overpredictions observed in high-
momentum, most forward-going muon angle

* nucleon-nucleon correlation (e.g., RPA effect) is a
possible explanation
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* V.+V, measurement using the NuMlI off-
axis beam at MicroBooNE

— Successful demonstration of e/y separation
and electron-neutrino reconstruction

— Consistent with model predictions within
uncertainties

1*t generation: (v, +V,)CC & v CCm°

First measurement of the flux-
integrated cross section of v, CC

single m? production on argon
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MicroBooNE Science Goals (Physics + R&D)

Address MiniBooNE LEE

Same neutrino beamline and roughly
same location as MiniBooNE
Unique e/y separation capability
Search for BSM physics

Study v-Ar interactions

Inclusive & exclusive cross

section measurements,
Validation of modeling of
neutrino energy

LArTPC hardware
& software R&D

LArTPC design, cryostat,
cold electronics ...
Noise filtering, TPC signal
processing, detector physics,

event reconstruction Second-generation MicroBooNE cross section

measurements benefits from significant progresses in the

other two directions ]




Evolved detector simulation & signal processing
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* Improved evaluation of detector
systematic uncertainties with
changes to detector modeling

e Advanced 2D deconvolution
with consideration of long-range
induction effect
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Evolved neutrino interaction model
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Generic neutrino preselection
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e MicroBooNE’s interaction model evolved from GENIE v2 to GENIE v3

* New cross section model is tuned through fitting to T2K’s v, CCOmt data (CH) at
similar beam energy

= Tune 4 key parameters and their uncertainties related to Valencia treatments of CCQE
(axial mass, RPA) and 2p2h (shape and normalization) models based on LFG

= No additional fit to MicroBooNE data (Ar) 13
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Expanded cross section extraction method

* Forward-folding

G
dp,u i €; - Ntarget : (I)vy ) (Ap,u)z

N; (B;): # of candidate (bkgd) in reco bin i
Ntarget : # of argon nuclei

@, :integrated neutrino flux

(Ap“)i : width for reco bin i

€;: effective efficiency for reco bin i

Wiener-SVD: JINST 12 (2017) 10, P10002

¥ : Phys. Rev. D 102 (2020) 113012

* (Wiener-SVD & Iterative) unfolding

J

N; (B;): # of candidate (bkgd) in reco bin i
R;j: response (smearing) mattix

Sj: cross section to be extracted in true bin j

detector response matrix
o, . " ‘.
>

model expectation
in reco space

model expectation
in truth space

= Flux shape uncertainty properly treated ¥ ,
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Search for Excess in NC A Radiative Decay
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* ﬂ% ratio is 1.38%
1y1p 1y0p 2y1p 2yop * Consistent with expectation

e x50 fold improvement over the
world’s best limit at O(1 GeV)
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* Ongoing analysis to extract differential
Cross sections

 ~ 1o deficit over much of the phase space
in M momentum with an interesting slope

See R. Fine’s talk
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Search for Low-Energy Excess (LEE) in v, CC

Events Observed / Predicted (no eLEE)
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* Except for the background-limited 1e0pOm channel, all other channels do
not observe low-energy excess. Slight deficits observed in the signal region
» eLEEx=1 hypothesis excluded a high significance (min. p-value 9x10~)
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* Consistent results with model predictions within
uncertainties, slightly favor predictions of a
lower overall cross section
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within uncertainties
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Search for a Light Sterile

Neutrino in 3+1 Model

:
* No evidence of light sterile " E MictoBaoNE. 6 369x10® POT | GALLEX+SAGE+BEST
neutrino oscillation ol ! i, e, L I e 20 Gl
PR () L oty o App ol PR
* Cancellation of v, appearance = | N I
and v, disappearance with full 5 g L Mo 636940 20T
3+1 model leads to degeneracies 1oL - — Data profling
in determining the oscillation et e [ ettty v, Disapp. oaly
parameters ]0_12@_'1 B IIII1|;_3 IIll'l[;_2 III m]“(;'_1 I] 1{];10'_2 | B Ill(;_l I1
i 20, arXiv: 2210.10216 sin’26
* Neutrino oscillation analysis fm———— AL
requires good understanding of Py = Sap + (~1)°% {sin? 204- sin?(1.267 —=)
the mapping between Ve disappearance  |gin220,, = sin22914|
reconstructed and true neutrino v, disappearance sin229m! = 4 c0s? 014 sin? B4 (1 — cos? B14 sin? B,4)
energy v, appearance  |Sin“20ye = sin®2614 sin® B2

non-zero v, appearance requires both v, and v, disappearances
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* Validation of model of E, reconstruction was
successfully demonstrated in 2D {E; .4, cOS(8,,)}

« Enabled extraction of triple differential cross
»C0S(8,))}

sections for inclusive v CCin {E,,
* Large wealth of information
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— Sensitive to details of proton FSI modeling

and the initial-state Fermi motion

Extension to double differential Xs

{0ar, 6 Pr} for the first time
(any neutrino target)

— Probe regions with greatest model
discrimination power

See A. Papadopoulou’s talk
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Final State
/. Muon

e Differential Cross Sections for "~ _~

————————————— — Leading Proton

Momentum
Recoil Proton Vector

First-time cross section measurements on
this topology

— Sensitive to the Meson Exchange Current
(MEC) interactions

Differential cross section w.r.t proton-
proton kinematics are sensitive to
treatment of correlated proton-neutron
pair (e.g. back-to-back in

the initial state in NuWro)

See M. Kirby’s talk
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Paper coming soon,
MICROBOONE-NOTE-1117
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https://microboone.fnal.gov/document/microboone-note-1117-pub/

A° production

Rare Process: Quasi-elastic A Baryon

Production with NuM| \A/
* First observation of Ain LArTPC Paper coming soon / AN :”_
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See C. Thorpe’s talk 24
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Wealth Of Results — Better Understanding of v-Ar Interactions

CC inclusive
v, CCinclusive @ NuMI (Wed.)
v, CC inclusive @ NuMI
* v, CCinclusive @ BNB (Wed.)
* v /v, ratios @ NuMI
EW hadronic energy @ NuMI & BNB

Much more coming from 30+ active analyses

Pion production
v, CCln" @ BNB
ELCC -Coherent @ BNB
vy, v, CCn’ @ BNB

. VHNCTL' @ BNB (Fri.)

*v, CC/NC 7™ @ BNB

CCOm

* v, Single Transverse Variables @ BNB (Wed.)
v, CC2p topologies @ BNB (Wed.)
vy vy CCOm inclusive @ BNB
v, CCOn0p @ BNB

*v, CCOmNp @ NuMI

uBo@;\ﬁ

Rare channels

v, CC Kaon @ BNB
v, CC Kaon @ NuMI
* 1 production @ BNB
* Hyperon (A,X) production @ NuMI (Fri.)
* MeV-scale Physics in MicroBooNE
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