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We are entering a new era in neutrino physics:
an era of precision neutrino oscillation measurements.

This in turn requires a deep understanding of neutrino interactions.
Liquid Argon Time Projection Chambers (LArTPCs)
are state-of-the-art detectors in neutrino physics.

| will describe how LArTPCs work, focusing on the
MicroBooNE experiment at Fermilab.

| will then present one of the very first neutrino interaction
measurements from the experiment,
the muon-neutrino charged-current cross section,
and its important role in MicroBooNE
and in the study of neutrino interactions.
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Neutrinos

‘ In the Standard Model:

e 3 neutrinos of 3 different flavours

(and 3 anti-neutrinos)
e massless neutrinos

e neutrinos only interact weakly

(W or Z bosons mediate the interactions)

Higgs
|
boson
b n
' L

Beyond the Standard Model:

neutrino oscillations: new physics = neutrinos have mass

However, neutrinos are still the least understood particles...
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Neutrinos -

IR0

Normal Inverted

. . A Vi A
What is the neutrino absolute mass? Ordering gm ». Ordering
mg --A_ I - m%
iSoIar ~7x10%eV2 )
. . I -
What is the mass ordering? R | n g
tmospheric
Valuable information for neutrinoless double ~ex10TeV N
beta decay experiments , | v w2x10%eV
M5 T ———
, i Solar ~ 7 x 105 eV2 v
] ] ] ml -~ A_ -T= m3
Is there CP Violation in the lepton sector? 1 ? [
0 0

(IsP(v, —» Vﬁ) * P(v, — Dﬁ) ?)
Could explain matter/anti-matter asymmetry

What is the nature of neutrinos?
Are they Dirac or Majorana?

Additional (sterile) neutrinos exist?
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Neutrinos -

. Normal : Zu Inverted
What is the neutrino absolute mass? Ordering gm ». Ordering
Can’t be measured by long baseline experiments My T — — 71
iSoIar ~7x105eV? )
. . I -
What is the mass ordering? | n g
Atmospheric
Valuable information for neutrinoless double T Ex10Te N
beta decay experiments R " 2x10%eV
2 | e ——
Strategy: long baseline experiment i i Solar ~7x105eV2 |
. . . M2 | e ———— e — T 77
Is there CP Violation in the lepton sector? 1 ? |7
0 0

(IsP(v, —» Vﬁ) * P(v, — Dﬁ) ?)
Could explain matter/anti-matter asymmetry
Strategy: long baseline experiment

What is the nature of neutrinos?

Are they Dirac or Majorana?
Can’t be measured by oscillation experiments

Additional (sterile) neutrinos exist?

Strategy: short/long baseline experiment
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Neutrino Oscillation Experiments

We want to perform precision neutrino oscillation experiments

Sketch of a neutrino oscillation experiment:

Near Detector Far Detector

Beam of v
G »l Detect v frommmmmmmmmmm »| Detect \'/¢]
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Neutrino Oscillation Experiments

We want to perform precision neutrino oscillation experiments

Sketch of a neutrino oscillation experiment:

Near Detector Far Detector
Beam of v

o canene »| Detect v [-----m-mmrmmmmmmm s »| Detect vg

v v

a—
N ED NES(Er)
Number of events Number of events
of flavour « of flavour B

E, = Reconstructed Energy
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Neutrino Oscillation Experiments

We want to perform precision neutrino oscillation experiments

Sketch of a neutrino oscillation experiment:

Near Detector Far Detector
Beam of AL QR »| Detect v [-----m-mmrmmmmmmm s »| Detect vg
v
N pEr) = J¢OI>I D(Et) o (Eve(E)U N D(Et, Ep)dEt !
NEHEr) = FDENP. (EDeAEDeEDUTP(Ey, ENdE
(Ep) = | pEPEY P, (EvoyEne EQUTP(Ey, EpdE
Number __ —
of events
Neutrino Oscillation Cross Detection Detector

Ey = True Energy Flux Probability =~ Section  Efficiency = Response

E, = Reconstructed Energy *g also depends on observables like muon momentum

Marco Del Tutto @3En
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Neutrino Oscillation Experiments

We want to perform precision neutrino oscillation experiments

Sketch of a neutrino oscillation experiment:

Near Detector Far Detector

Beam of v
G »l Detect v frommmmmmmmmmm »| Detect \'/¢]

T »Depends on MC

N pEr) = J¢OI>I D(Et) o (Ev)e(ED)U N D(Eta Ey)dEy

\4

Convolution of NEHEy) = ngFD(Et) o EDolEpe(EpUT P (Ey, EpdEy
cross section
and flux

We need precise cross section measurements!

Neutrmo»‘ éi 2
9
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Neutrino Interactions

PAST TODAY
1970-1990’s

Modern experiments no longer include

Using hydrogen/deuterium-filled deuterium but use complex nuclei as

bubble chambers: their neutrino targets.

» to test the V-A nature of the weak For heavy elements nuclear effects are
interactions not understood: more data is needed!

» to measure the axial vector form

o0 ®

Hydrogen Deuterium Carbon

factor of the nucleon

Argon
MicroBooNE!

Marco Del Tutto @3En
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Nuclear Effects

Nucleon embedded in nucleus:
Fermi Motion must be taken into account

(Fermi Gas, Spectral Functions, ...)

GENIE v2.12.2

8 -
> | Bodek-Ritchie Fermi Gas
9 61— — Local Fermi Gas
E‘ - — Effective Spectral Function
'-5 =
© 4
Q0 n
S L
N

2 | —

. |

OO

02 o4 06
Momentum [GeV]
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Nuclear Effects

Vi =

The neutrino can interact with a

correlated pair of nucleons:
* Meson Exchange Current (MEC)

* Short Range Nucleon-Nucleon Correlations

This leads to...

Marco Del Tutto =i
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Nuclear Effects

...two proton emission

(or even more)

» Final state is different from
the “traditional quasi-elastic
final state” with 1u1p

» Need a detector that can

resolve hadrons: can be done
in LAr!

Marco Del Tutto =i
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Nuclear Effects

Random Phase Approximation (RPA)

Vi, u- The strengths of electroweak couplings may
change from their free nucleon values due to

the presence of strongly interacting nucleons.

Phys. Rev. D 88, 113007 (2013)

1 4————

-----

1.2

RPA correction factor

0.8

[
L I LI I LI I LI

0.6F -

- T2K, for CCQE neutrino interactions on carbon A

1 1 1 1 I 1 1 1 1 l 1 L 1 1
0'40 1 2 3

Q*[GeV?]

Continuum Random-Phase Calculations are done on carbon targets.
| ’ Neutron Approximation (CRPA) predicts rich Extrapolation of cross sections from

physics effects for forward going events carbon to argon is non-trivial

(see e.g. Phys. Rev. C 92 024606). (see e.g. Phys. Rev. C 97 044616).
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.92.024606
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.92.024606

Nuclear Effects

— Final State Interactions

Elastic
Scattering

Pion Production
Credit: T. Golan

Marco Del Tutto =i
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Is It Important to Understand Cross Sections?

Beam of v
O - »l Detect vg f-o-mmmmmm e »| Detect \'/¢]

Example, uncertainties on the predicted number of v. events at the FD:

T2K NOvVA
Source of uncertainty ve CC [%] Source of uncertainty v, CC |%]
Flux and common cross sections Cross sections and FSI @
(w/o ND280 constraint) 26.0 Normalisation :
(w ND280 constraint) 3.2 Calibration 3.2
nd dont p A7 Detector response 0.67
ndependent cross sections : Neutrino flus 0.63
SK 2.7 V. extrapolation 0.36
FSI + SI (+PN) 2.5 Total systematic uncertainty 9.2
Total . https://doi.org/10.1103/PhysRevD.98.032012
(w/o ND280 constraint) 26.8
(w ND280 constraint) 6.8

-

https://doi.org/10.1103/PhysRevD.91.072010

DUNE wants to do better than this.
DUNE will have a near detector to achieve this, but in the meantime
we are getting a head start on this with new data on argon from MicroBooNE.

CC inclusive cross sections are fundamental as currently used for MC oscillation studies in DUNE.

Marco Del Tutto @3En
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https://doi.org/10.1103/PhysRevD.91.072010
https://doi.org/10.1103/PhysRevD.98.032012

vy CC Inclusive Measurements

From modern accelerator-based neutrino experiments:

Experiment Target .~ References Only v-Ar
' Phys. Rev. Lett. 108 161802 |
ArgoNeuT Ar - Phys. Rev. D 89 112003 —— measurement!
T E,) =9.6Gev
CH, C/CH, Fe/CH, iPhys. Rev. Lett. 112, 231801 o < 2
MINERVA . Phys. Rev. D94, 112007 0.47
Pb/CH ' y - —4— ArgoNeuT Data (v,)
5 = 0.35F .
_______________________________________________________________________________________________________ PhysRevler it Foss. e oo
H ) WO
. . > 025; -------- NUWRO Expectation
........... MINOS JFe TR e ArgoNeuT
S - Phys. Rev. D 89 112003
NOMAD C Phys. Lett. B660, 19 S 015 _
________________________________________________________________________________________________________________________________________________________________ g 0.1
I
SciBooNE CH Phys. Rev. D83, 12005 © % I
________________________________________________________________________________________________________________________________________________________________ 0 5 10 15 20 25
. Phys. Rev. D87, 092003 P, (GeVie)
T2K CH, H,O, Fe | Phys. Rev. D90, 052010
. Phys. Rev. D93, 072002
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vy CC Inclusive Measurements

From modern accelerator-based neutrino experiments:

Experiment Target E References Only V-Ar
. Phys. Rev. Lett. 108 161802 |
ArgoNeuT Ar  Phys. Rev. D 89 112003 —— measurement!
e E Y=0 V
CH C/CH Fe/CH : Phys. Rev. Lett. 112, 231801 < Vu> 9.6 Ge
MINERVA ’ ' " i Phys. Rev. D94, 112007 0.4 X10
Pb/CH y = 0.35F —— ArgoNeuT Data (v,,)
e Phys Revlew 1162 0°F — GENIE Expectatir
§ . T e NUWRO Expectation
MINOS Fe Phys. Rev. D81, 072002 § 0.022: ArgoNeuT
''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' e Tk Phys. Rev. D 89 112003
NOMAD C Phys. Lett. B660, 19 2 0.15 _
________________________________________________________________________________________________________________________________________________________________ g 0.1
B
SciBooNE CH Phys. Rev. D83, 12005 ©°%F U Phagthyg,
________________________________________________________________________________________________________________________________________________________________ 0o 5 10 15 20 25
Phys. Rev. D87, 092003 p, (GeVrc)
T2K CH, H»0O, Fe Phys. Rev. D90, 052010
Phys. Rev. D93, 072002
This talk: <Evﬂ> =0.8GeV
MicroBooNE Ar https://arxiv.org/abs/ Double-differential

1905.09694

Full angular coverage
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https://arxiv.org/abs/1905.09694

What Next?

» How can we develop

theory models that

describe the present data?

» What is the situation going

to look like for argon?

» Can MicroBooNE tell us

more about final states and

nuclear effects?

Marco Del Tutto =i
24th May 2019



Liguid Argon Time Projection Chambers

This looks like a perfect
example for a CC inclusive

l«lBOON‘J/ interaction and therefore it has
\AZ

been selected

Beam Direction

Initial State Final State

10¢m
BNB DATA : RUN 5211 EVENT 1225. FEBRUARY 29, 2016

ﬁ 20 Marco Del Tutto m@&x
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MicroBooNE

- 7

. Neutrino
MicroBooNE

Detector

Source

utrino Beam Lines

Booster Ne

LYNE o N

YRm
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http://venu.physics.ox.ac.uk

MicroBooNE
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MicroBooNE

Collection Plane

Proton
S e (Y Plane)
Colour scale shows
deposited charge
20 cm
\ Muon
Time

! Michel Electron

Wires

>

B @ 24 Marco Del Tutto 538
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MicroBooNE

Collection Plane
Vi (Y Plane)

Initial State Final State

20 e
M
Initial State Final State
P
M e
) |
b TR VA8

o] 25 Marco Del Tutto @@
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Event Reconstruction

From Raw to Reconstructed Particles

< __ Zoom
b |
||
[ |
"
- [ |
. [
™, [
~ I.-
\ N
\ .
, : ..
e
N . '-.__-
Pandora Pattern ",
Recognition .
. : - . -
Particles are identified "
and a particle flow is \ | 700
\\\ -- ---
constructed "

Eur. Phys. J. C78, 1, 82 (2018)
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https://link.springer.com/article/10.1140/epjc/s10052-017-5481-6

3D Reconstruction

Michel Electron
/

Cosmic

ﬁ 27 Marco Del Tutto @@
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Drift Time and Interaction Time to

e |onisation electrons drift toward the

anode at a velocity of 0.11cm/ps.
T * From cathode to anode it takes 2.3 ms.
o * The interaction time (tp) is needed to
0.0: reconstruct the position of tracks along
o
o : . :
— the drift coordinate in the detector.
ty = . . .
(\)/ii)zlmy/ps * The tg is given by the light detectors, as
the scintillation is prompt (O(ns)).
1
Anode Cathode Optical information needs to be

reconstructed to form high level

Drift Direc:tion» objects like flashes.

Marco Del Tutto @3En
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Optical Reconstruction

Neutrino

Induced Tracks

‘QQ o0 o0 00‘
® o O O o © o O ‘PMTS
o0 o0 o0 0 o0
Beam>

group of PMTs with in-time light
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Drift Time and Beam Spill Time

Neutrino

Induced Tracks

‘00 o0 o0 00‘
® o O O o © o O ‘PMTS
o0 o0 o0 0 o0

Beam
1-8 T T T T I
1 ‘ [ Measured Cosmic Rate (Beam-Off)
. . . g L7 rrrrrrrrrrrrr o , qu BNB Trigger Data (Beam-On) [4.51E18 POT] |{
Neutrinos are delivered in c | |
7))
. O
spills that last for only 1.6 ps. ™
. . . *
The light information o
|
o
(prompt) can be used to 0
. . L . £
identify neutrino interactions 3
during this spill. ool ]

Time w.r.t. Trigger [pus]
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Cosmic Rays

Zooming

out

pBo@

All reconstructed tracks

D

]

-

<.-
=

31

2.3 ms
drift time

1.6 us beam
spill time

Neutrino induced flash

®: Cosmic induced flash

The event is dominated
by cosmics,
and is not easy to
identify the neutrino

induced tracks

Marco Del Tutto &&an
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e MicroBooNE is on the Earth’s surface. P

« Cosmic rays are the main background.

 Rate 5.5 kHz = 25 cosmic rays per recorded event. T e
» Neutrinos interact in MicroBooNE every ~600 spills. N y I\Y e
* One neutrino every ~15k cosmic rays! Vi T e\
This background must be addressed
before any analysis can be done Ly v
& Fermilab
pt Vi £
________ % o
e
Ll m BNB Beam Line — “\

V/'

LY

YR
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Cosmogenic Backgrounds

“Cosmics Only”

' /
|7 ,
7 |
N L
7\ 1 IPC
\ _\
' Cryostat  ~
\ | ~
|
VaaY Ve Ve vy VA WAy vAy vAy LA vA ¢
4‘,: 4‘,‘: 4‘7‘: <}‘v: 4”» 4‘,: 4‘,: <!> 4‘,:
- >
1 1
1.6 us beam 2.3 ms drift time
spill time

* No neutrino event
* Perfect measurement during

beam-off time

“"Neutrino + Cosmics”

/7

4

l @®

7
)
1

Vet Vet Vel viAy vAe vay
& 008 60
" L2020 < A <O >

1.(’3I us belam 2.3 ms drift time

spill time

Optical signal from neutrino
Interaction trigger

Cosmic induced TPC track
picked up by selection

Cosmic simulated with CORSIKA
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Cosmogenic Backgrounds

“Cosmics Only”

| 7

7\ \I

IP’S

\ \
VA

<ﬁ 8000
‘V“

1.6 ys beam
spill time

VY  vey 'y <
o o & | e
AL & » ",

Selected Events

0.9
0.8
0.7
0.6

Ratio

Cryostat -

Accumulated POT: 1.592e+20

“"Neutrino + Cosmics”

;s ! /
7 I }

|
G N
1

4

Vet Ve VY 2 AL yvAy
4!» <#V.AN‘V4> {v.:» {.} <‘v.:
= >
, Yes 2.3 ms drift time
Dil"t, 4%

I Cosmic, 6.3% A
=] Data (Beam-off), 29% -

227 Stat. Unc.
—+— Data (Beam-on, stat. only)

t

s
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Tagging of Cosmic Rays

f it is through going in the detector

it is not compatible with the neutrino beam time (that lasts
for only 1.6 ys compared to the 4.8 ms readout window)

A track is
@ the track is a cosmic crossing the anode or cathode plane
tagged as @ (for which we can reconstruct the to)
cosmic ray if: it is not compatible with the flash in the neutrino beam
spill in terms of spatial position and light intensity

it is identified as entering and stopping (Bragg peak and/

. S Michel tagai
99.9% cosmic rejection or Michel tagging)

= Al reconstructed tracks

>

Anode Time

Recorded Time

Collection Plane Example

Marco Del Tutto @3En

24th May 2019



PMT to TPC Matching

known from time in coincidence with neutrino beam

° o0 o0 o0 o0 o
® o O O o O ® O ° PMTs
. N o0 o0 o0 o0
Beam>
Cosmic
Tracks
Neutrino ‘
Induced TPC
Tracks

Need to match the Optical Flash with the TPC tracks to identify the neutrino!

Marco Del Tutto @3En
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PMT to TPC Matching

For all
track
segments

Hypothesis Flash For all I >

PMTs " MicroBooNE PMT
—

PE 4

MicroBooNE PMT We match the flash in the beam spill
with every reconstructed TPC interaction.

The interaction that best matches with the flash is
PE = Photo Electrons

PMT = Photomultiplier

. Marco Del Tutto i
MBO@ 24th May 2019

kept as neutrino candidate.




PMT to TPC Matching

—e— Beam Flash
—+— Hypo Flash

NN
o
(-

PE Count
w
(@»)
o

0
0 5 10 15 20 25 30
PMT ID
500 500
—e— Beam Flash —e— Beam Flash
400 —+— Hypo Flash 400 —4— Hypo Flash
5 300 £ 300
(o) (o)
&) &)
w 200 . w 200
Q. Q.
100 100
0 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
PMT ID PMT ID
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PMT to TPC Matching

The neutrino
interaction is

selected!

500
—e— Beam Flash
400 —+— Hypo Flash
MicroBooNE is the first to do such € 300
-
flash matching for event selection. S
w 200
This is will be of interest to SBN A
100
and protoDUNE.
0

0 9) 10 15 20 25 30
PMT ID
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vy Charged Current Inclusive Analysis

Inclusive sample, all v, CC topologies:

-
v pBooNg HB OON“K
HB(’% S

CC 0 pion CC 1 pion CC multi-object

18(|'ﬂ Run 5326 Event 900, March 6th, 2016 Run 5177 Event 729, February 27th, 2016 e — Run 3493 Event 41075, October 23, 2015

Main analysis characteristics:

» First double differential cross sections on argon, first inclusive
measurement on argon at low O(1 GeV) neutrino energies, first
differential cross section measurement from MicroBooNE

» Full angular coverage

» Full momentum coverage by using multiple Coulomb scattering (MCS)
for momentum reconstruction (includes both contained and exiting tracks)

» This measurement: first rigorous test of event generators on argon

Marco Del Tutto @3En
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vy Charged Current Inclusive Analysis

Inclusive sample, all v, CC topologies:

» One of the first channels we addressed in
the MicroBooNE cross-section program

» Well defined signature: exercising track
reconstruction; not affected by shower

VM
|
|
|
|
Ta rg%< ? reconstruction

» We have an automated reconstruction

and event selection

Inclusive measurements are important:

v

High purity and efficiency.

v

Not sensitive to hadron uncertainties.

v

Tests many things at once (multiple contributing processes).

v

New cross section measurement on argon, provide input for theory.

v

Ve rate constraint in MicroBooNE through correlation with neutrino parents.

v

Provide a pre-selection to study other exclusive channels (proton kinematics, ...).

Marco Del Tutto @3En
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Muon lIdentification

Track dQ/dx v.s. track length is used for a MIP consistency check

This can be used to ensure the selected
track is a Minimum lonising Particle (MIP)
as the muon should be.

The area below the waveform is
proportional to the deposited charge

MicroBooNE 1.6e+20 POT

2500
T B B Muon, 86%
2000/ B Proton, 6.1%
/ i B Pion, 3.9%
® iy B Photon, 0.59%
¢ PY Yo M N B Electron, 0.04%
® ® electrons 1500— B Other, 3.1%
- MC Stat Unc.
B —¢— Data (Beam-on - Beam-off)
c 1000—
= _
o -
[l -
@ _
¢>0 500—
3 1 -
@ _
=
s 00 50 _ 100 150 i (
Anode Candidate Track <dQ/dx>, . [e/cm]
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Muon lIdentification

Track dQ/dx v.s. track length is used for a MIP consistency check

This can be used to ensure the selected
track is a Minimum lonising Particle (MIP)
as the muon should be.

MicroBooNE Simulation

1000
..'
800- p @ Muons
= J.
£ o3 @ Protons
= 600- X
o)
Proton c
g
X 4001
9
o
=
200
é S °°® 60 8
Muon 20000 40000 60000 80000 100000 120000 140000 160000
Candidate Track < dQ/dx > tunc [€7/cm]
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Event Selection - Performance

Purity and efficiency for Efficiency for different
every selection cut GENIE interaction modes

MicroBooNE Simulation

1 > T
i —— Efficiency < B
- —— Purity (3] -
0.8 £ 08
- MicroBooNE Simulation wr
0.6 0.6:— g
0.4l 0.4 )
B B —— GENIE QE
0.2 _— 0.2 —— GENIE RES
L B —— GENIE DIS
| [ —— GENIE MEC
i | | | | | | | 0__ S L S S —
0 //7/'11 : Be /a /a F/a 7~/' a MC S. /’///P /Q’ 0 1 2 3
o .
la)  “Sam p as;fh Marc/f/’ "”arc/fh Mez‘ch Q"a/zj,Le”QIh%)ns}/Sfe aﬁ/ Vo Ol True Neutrino Energy [GeV]
ality
All interaction modes are selected with
Overall efficiency x acceptance: 57.2% roughly the same efficiency, making this
- analysis really inclusive
Overall purity: 50.4% 4 4

There is a negligible contribution from CC coherent pion

production events not plotted.
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Event Selection -

Statistical uncertainties only (not visible with this scale)

MicroBooNE Simulation MicroBooNE Simulation
> 1
e [ i
ko
g [ i
= 0.8 [
Yo Efficiency is ~flat i AY
o6l ' ' - e e I A
0.4 \ L \/ hl
- Reconstruction : . <Beam_
oo threshold - Caused by cosmic >
i i tagging (verticals)
0_ e o i ; ; ; ] ; ; ; | ; ; ; ]
0 0.5 1 1.5 2 2.5 -2 0 2
True Muon Momentum [GeV] True Muon ¢ angle
1 MicroBooNE Simulation MicroBooNE Simulation
? B B
s | ; 0: angle w.r.t.
2 08l -
T | | .
: : the beam line
0.6/ I an e = —_—
“r | o - : angle around
i t is more challenging[ . . :
- o Efficiency is ~flat in '
021 to reconstruct and| Article ?/nulti icit the beam line
- | selectl backwlard traclzks i P | .p y |
o= -1 — ‘—0.5. — 0 — 0.5 — 1 ‘ ) ‘ ‘ ‘ 5 ‘ 10 ‘ ‘ 15
True Muon cos(0) True GENIE Charged Particle Multiplicity
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Momentum Reconstruction

Methods of momentum reconstruction in a LArTPC:

» Range-based (only for contained muons)
» Calorimetric (only for contained muons)
° Multiple COUIOmb Scattering USED IN THIS

—
. " ANALYSIS
(for contained and exiting muons)

Contained Track

The majority of
BNB muons in
MicroBooNE are
exiting!

Exiting Track

_—

TPC

TPC

Cryostat

MicroBooNE MCS Paper: JINST 12 P10010 (2017)

Cryostat
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http://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10010/meta

Momentum Reconstruction

Methods of momentum reconstruction in a LArTPC:

The majority of
BNB muons in
MicroBooNE are

» Range-based (only for contained muons)
» Calorimetric (only for contained muons)

¢ |V|u|tip|e Coulomb Scattering USED IN THIS re
— exiting:
: " ANALYSIS
(for contained and exiting muons)
S, I (! The RMS of the scattering angle o is fit along the
c=—-Z4]— |1l +e€e-In| —
pbe | Xo Xo particle trajectory to estimate the momentum p
MicroBooNE Preliminary 1.62e20 POT
: %' - 0'45 | ésegmehts removed

' o} © 08 —— BNB Data =
| - 5 — BNBMC =
\‘~~ : geattered direction O 8 0.3: : %
~~~~~ i = O ot Data driven validation |2
E T o, for MCS momentum 3;?:
G S [ == resolution "
- QO 0.15( Z
o @© i —— o
= TR @

c " ——
o N — —+ o
= O o0.05f B T S
= S T C — -— |Z

R T I TIF  R a a

Momentum By Range
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http://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10010/meta
https://microboone.fnal.gov/public-notes/

Event Selection -

B v, CC (signal), 50% B Dirt, 4.3%
B V.. v, CC, 0.054% B Cosmic, 6.4%
Distributions of selected events v, CC, 0.44% [ Data (Beam-off), 29%
NC, 1.6% Stat. Unc.
B OUTFV, 7.6% ——— Data (Beam-on, stat. only)

soo]- = o0 ) o1 sonf v, E = oo e
- VCC 0.44% - VCC 0.44% | VCC 0.44%
= NC, 1.6% B NC, 1.6% ; : 15000 NC, 1.6%
n - R OUTFV, 7.6% »  4000— EEEM OUTFV,7.6% : : " - I OUTFV, 7.6%
S 6000 . : W Dirt, 4% = [ Ditt, 4.3% £ = B Dirt, 4.3%
(] : { I Cosmic, 6.3% [ o B Cosmic, 6.4% [0} L @ Cosmic, 6.4%
Lﬁ : = ggta EjB;liam-off), 29% Lﬁ B NN gata &Beam off), 29% _ Lﬁ | % gf:? l(iiam-off), 29%
8 - @ Data (Beémjon, stat. only) 8 3000—_ g DE;ta (Bn:am -on, stat. only) 8 10000__ —= Data (Beémjon, stat. only)
‘g 4000|— f f ‘8' B : *8' B ; ;
3 - & 2000~ 8 -
i B 5000 —
2000}— B i
1000 — | NN
12 14; 16: \\\\\i\'\\\\\\\\\\\\\\ —
2 09F 2 12 S 14
T 08 T T 1.2
R " osf Y
0 ) Particle Multiplicity
Reconstructed muon momentum.  Cosine of the muon 0 angle. Number of reconstructed
Full momentum coverage thanks to 0 is the angle w.r.t. the particles from the neutrino
MCS used for momentum neutrino beam line. vertex (’nCIUd’ng muon).
reconstruction: allows to include Full angular acceptance. This selection can be used for
exiting tracks. more exclusive channels.

Model prediction from GENIE v2.12.2 + Emp. MEC
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Booster Neutrino Beam (BNB) Data Taking

Opt. trigger

—=
Partial ext. CRT External CRT complete
2.0E19 1.2E21
— Delivered POT POT on tape
1.5E19 9.0E20 F—
o
Q.
— | S~
o 1.0E19 1/'))“/ 6.0E20 =
Q. 5
2 =
‘,v"‘ =
: =
5.0E18 | | 3.0E20 O
0O.0EO00 | ‘ H ‘ | O0.0EO0O0
Oct Oct Oct Sept
2015 2016 2017 2018

Expected v, CC interactions
1.6 x 1020 POT in 1.6 x 1020 POT: ~45k

Thank you to Fermilab for providing beam, computing and support!

POT: Protons on Target
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Cross-Section Measurement

Single-differential cross sections:

dpEGCO ; é:Ii ) Ntarget ) (I)yﬂ ) (Apﬂ)i d cos QIEGCO ; 6~‘i ) Ntarget ) (I)vﬂ ' (A COS ‘9;4)1'

Double-differential cross section:

2
d-c . ]vz o Bi i identifies a bin in
dpEeCOd COS QEGCO | €~i . Ntarget . (I)Vu . (Apﬂ - A cos H,Ll)i the p, cosB,, space
l
N; number of selected events in reconstructed bin i (data)
| number of background events in reconstructed bin i (MC and cosmic data)
‘gl overall efficiency (selection eff. x acceptance) in reconstructed bin i (MC)
_________ Niager |NumPeroftargetnucleons
() muon neutrino flux (integrated over all energies)
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Cross-Section Measurement

dpﬁeco é:Ii | Ntarget | (I)yﬂ ) (Apﬂ)i dcos QIEGCO é:Ii | Ntarget ) (Dvﬂ - (A cos e,u)i

l

MicroBooNE Simulation, Preliminary

BNB v, flux, v-mode|
<E,>

1o Energy Range

Flux integrated cross section:

98% of the flux is

» detector dependent
<Ev,4> =823 MeV below 2 GeV

» less model bias

0 1 2 — 4
E, [GeV]
Number of targets:
» temperature and pressure are constantly ————— .
| AN b ool e I
monitored to measure the number of targets (@ nl | 1\
\ 4 12 (S By o __-_:___“_-_':;u
» we have measured contaminants < 1ppm’ S
» we treat the full volume as pure argon ICROBOONE PUBLIC NOTE 1094

https://microboone.fnal.gov/public-notes/
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Cross-Section Measurement

dpﬁeco ; €~i | Ntarget | (I)yﬂ ) (Apﬂ)i dcos QIEGCO ; 6~1i ] Ntarget ) (I)z/ﬂ - (A cos eﬂ)i
Efficiency

only statistical uncertainties shown here

systematic effects shown in following slides

MicroBooNE Simulation, Preliminary MicroBooNE Simulation, Preliminary
> 1 o
(& — O =
cC B o |
B 0
(®) B o |
£ 08— = 0.8
LL B LLI B
06 0.6 P R
0.4 0.4
0.2 0.2—
O i 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 O i 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1
0 0.5 1 1.5 2 2.5 -1 -0.5 0 0.5 1
True Muon Momentum [GeV] True Muon cos(6)

Efficiency depends on true muon kinematics
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Cross-Section Measurement

dpll;eCO , gi | Ntarget ) (I)Z/M | (Ap,u)i dcos Q/I;GCO ; gi | Ntarget | (I)I/M - (A cos e,u)i
l
. 1500
. 2
Forward Folding S
()]
©)
» We have not unfolded the = o
measurement to true muon 5 o
(@]
=
momentum and true muon angle S
. R . ég B :: S .- " .
» Final result will be in reconstructed S TR B TR T T

muon momentum and angle

8000

» Unfolding introduces biases that inflate

6000

uncertainties

» The efficiency is forward folded to be

Muon cos(6) (Reco)

as a function of reconstructed variables

i 05 0 05
Muon cos(0) (Truth)
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Forward Folding

NFECO ZS NTU€ 5, = P(observed in bin i | true value in bin j)

Smearing Matrix (p,) Smearing Matrix (cos6,)

Reco Bin
Reco Bin
N w SN (@)} » ~ (00] ©

1 2 3 4 5 6 OF 1 2 3 4 5 6 7 8 9
True Bin True Bin

Z S, Nsel
gen

M

The efficiency in reconstructed bin i is given by:

The smearing matrix S will be published with the cross section
measurement to allow testing other generators/predictions.
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Forward Folding

For the double-differential cross section

MicroBooNE Simulation

Probability

| -
O
O
&
S
Z
£
m
L®]
O
| -
S
0
®
O
=

aNWPAOION0O

1234567 8 9101112131415161718 192021 222324 252627 2829 30 31 3233 34 3536 37 38 39 40 41 420F

Generated Bin Number

_ﬁ 55 Marco Del Tutto ®&&m
nBoo 24th May 2019




How are the Systematics Estimated?

The goal is to evaluate three systematic covariance matrices in order to get to the

full systematic covariance matrix:

Esyst _ Eﬂux 4 Jxsec 1+ Edetector .

* Generating several MC replicas, each one called a * Changing one detector parameter at a time
“universe”. according to its uncertainty.

« Parameters in the models are varied within their « Each parameter variation corresponds to a MC run.
uncertainties. * The difference between the central value cross

« Done through event reweighting. Requires only section and the cross section calculated with the
one MC run. new MC runs gives an indication of the systematic

uncertainty on the cross section.
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How are the Systematics Estimated?

Multisim
Central Value
do® \ N;— B,
dx,u ; €~i -V target (Dyﬂ ) (Axﬂ)i

Reminder:
Ni: from data (doesn’t change)

Bi: from MC (changes in every universe)

smearing matrix

Universe s
do’ N; — B;
dxﬂ ; €; - N, target (I)iﬂ ) (Ax,u)i
M |as s,Sel
» Zj:l SlJNJ
&S —

oM s,gen
s K
ijl SIJNJ

Background events, efficiency and

IN every universe

The covariance matrix is calculated as:

(

1 A <d6s> <dac">
E; N, =\ dx, i dx, i

( \
do® doc*“”
dx, [ dx, [
\ J )

Marco Del Tutto @3En

24th May 2019



Neutrino Flux and Cross Section Uncertainties

Neutrino Beam Flux Cross Section Modelling
Using framework adapted from the GENIE provides over 35
MiniBooNE collaboration prp 79, 072002, 2009) parameters to be reweighed
FLUX Re-Weighting Only GENIE Re-Weighting Only
; 200 ;
o 1.5 —— Central Value o 1.5 —— Central Value
Q B Color map shows (2 B Color map shows
= other universes = — other universes
;Cé.) — 150 ;Cé-) — .
Ll Ll
g | 100 g | l =
3 [ 3 [
: : I
#. Lo F. ) | L L —
0 0 0
0 0.5 0 0.5 1 1.5 0 [Gev2]5
—_— — 50
T L T L
wo 2__ —4— Central Value ooo 2-_ —4— Central Value
o oo Unhorses o [ oo untvorees
s 15
g | g |
S L oS L
5 T 5 1
o5 -
i = 5
0—I1 — |—0|.5 — (!) — O|5 — 1 0 . .
cos(6,) cos(8,)
Relative Uncertainty on Total Cross Section: 12%| Relative Uncertainty on Total Cross Section: 4%
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Detector Systematics

We generated MC samples
for each one of these
detector parameters and
recalculated the cross

section for each: om,

The uncertainty has then

been evaluated as:

det _ cv cv
Eet= 2 (o =) (g7 0"

m

Systematic Sample Relajcive
. Uncertainty [%]
Induced Charge Effect 13.0
""""""""""" Light Yield Model | 47
"""""""""" Channel Saturation | 43
""""""""" Space Charge Effect | 37
"""""""""""""" TPC Visibility | 37
"""""""""""" Electron Lifetime | 29
""""""" Misconfigured Channels | 18
"""""""" Longitudinal Diffusion | 17
"""""""""" Transverse Diffusion | 1.6
"""""""""""""""""" PENoise | 04
~ WireResponse | 02
~ WireNoise | 01
""""""" Electron Recombination | 01

Detector Response Relative Uncertainty on Total Cross Section: 16%
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Detector Systematics - Induced Charge

MicroBooNE Signal Processing Papers:
JINST 13 (2018) no.07, PO7006 & PO7006

2 * . * The impact on our reconstruction and
. &jj j analyses is strongest for tracks traveling
.- N /] towards the wire plane.
: NG -
1 D L A  We have verified that we can see this in
Omeminn O Wy ol s U, several analyses. Simulation of dynamic
G1s ‘ | £ EE induced charge improves our data/MC
312 2
. . | agreement.
! b e -
¢ ~« Future simulation will include simulation
N o of dynamic induced charge as default.
(¢) Weighting potential on a V w\'i:c.AMs . (d) Weighting potential on a Y v.vi:t:.Am B

MicroBooNE is the first LAr TPC experiment to take this into account
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Summary of Systematics

Source of Uncertainty Relative Uncertainty
® Described previously BeamFqu _________________________________________________________ 1 22 ___________________ ‘ _______
Cross Section Modelling® 3.9 &
@ IMProved reCONSIIUCTION o e
. Detector Response 16.2 &
and cosmic ray tagger
will mitigate this | POT Counting | 20
background Dirt Background 10.9 &
® |t will be reduced when Cosmlcs(CorS|ka) ............................................... 41 ...................... ‘ _______
we switch to a neutrino Cosmlc(data) _____________________________________________________ 07 _________________________________
simulation with cosmic MC Statistics 0.2
data overlaid Stat 1.4
Total 23.8

™) Includes an additional uncertainty on MEC interactions (1.5%)
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Cross Section Measurement

> 45 t N ]
8 B oog 2.5
Tt T MicroBooNE 1.6e20 POT %, [  MicroBooNE 1.6620 POT
° [ i — GENIE v2.12.2 + Emp. MEC —. o[ —GENIEv2.122+Emp. MEC
% e ---GENIE v3.00.04 G1810a0211a & [ ---GENIEv3.00.04 G1810a0211a
= T ITH 7 — GiBUU 2019 - f — GiBUU 2019
s | |l === —NuWro 19.02.1 S 15 —NuWro 19.021
S - | FF ' 1 Data (Stat. ® Syst. Unc.) o - 1 Data (Stat. ® Syst. Unc.) Nis
L o5 3 1:— pf
: rw o5k
Oo_f' XS ¥ S Oi"IFTSr"{"o"'"'oI 1
5 5 .5 - -0.5 5
pLeCO [GeV] COS(GLGCO)
Model Element | CGENIEvZ + MEC GENIE v3 NuWro GiBUU
; (v2.12.2) . (v3.00.04 G1810a0211a) | (19.02.1) 5 (2019)

Nuclear Model Bodek-(l?tchle Fermi chical Fermi ch}cal Fermi Consistent nuclear medium
_____________________________________________________________ as[1]as[23]as[23] corrections throughout. Also
Quasi-elastic Llewellyn-Smith [4] Nieves [2, 3] Nieves [2, 3] uses a LFG model for

MEC Empirical [5] . Nieves [2, 3] g Nieves [2, 3] 5 nucleon momenta, a
e BS ------ h ---I ------------ b separate MEC model [11],
: ’ i berger-seghnal [7] (plon :
Resonant Rein-Seghal [6] Berger-Seghal [7] gd t'g B 71 (p . and propagates final state
_____________________________________________________________________________________________________________________________________________ prou<:|onrom[9]) particles according to the
Coherent Rein-Seghal (6] | Berger-Seghal (71 |  Berger-Seghal [71 | Boltzmann-Uehling-
FS| hA (8] hA2018 T[] Oset [10] Uhlenbeck equations [11]
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Now moving to the double-differential cross section!

Binning for the double-differential cross section measurement:

42 bins in total MicroBooNE
2.5
2 I
— 32 | 37 |42
: 5 10 15 19 23 27
< 1.5
D B
6 f
Q_i 1__ 31 36 |41
[ 4 9 14 18 22 26 30 | 35 |40
0.5
B 3 8 13 17 21 25 29 34 |39
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First Double-Differential Measurement on Argon

MicroBooNE 1.6e20 POT
—— Measured
Stat + Syst Uncertainties

]

N

o

o
0738cm?
GeV-n

11.75

1'1.50

11.25

171.00

. dcose&eCO)[l

10.75

reco
u

10.50

d?o/(dp

10.25

70.00
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Cross Section Measurement

NEF 0.4r -1.00 = cos(6/°*) <-0.50
O q) -
.03l MicroBooNE 1.6e20 POT
S [ || — GENIEv2.122+Emp. MEC
= [ ml - GENIE v3.00.04 G1810a0211a
g 0.2 ] GiBUU 2019
-7 E Y P NuWro 19.02.1
Ll8 [ i|H5 ¥ Data(Stat. @ Syst. Unc.)
8 ER 1
1o} B 1 1
s U
© 0!'.—‘ L o "'!""T"T""'f'ﬁ'T"1"1'1"1'?"1'"!'1"1'?"

PR -
0 0.5

1 1.5 2 25
p[fco [GeV]

0.27 < cos(efc") <0.45

L L e

05

1 15 25
pLeCO [GeV]

(ereco)
w
. ..: _I

0.76 < cos(af‘”) <0.86

I

ER 15 25
pLeCO [GeV]

-0.50 = cos(efco) < 0.00

PR T S SR IS T S T SN S ST

1 1.5
pLeco [GeV]

0.45 < cos(OLe“) <0.62

H1
.

PR [N T N SO AT T TN T N T S SRS S S N

0.00 < cos(@LeCO) <0.27

1 1.5 2.5
pLeCO [GeV]

| L

0.62 < cos(@LeCO) <0.76

0.5 2.5

1 15
pLeCO [GeV]

0.94 < cos(ﬂLeCO) <1.00

-------------------------------------
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Cross Section Measurement

0.4
N B
=4
S8

o 0.3
=
gio.Zj l
=T S
N - 1

o] ite L

(a]

'O%O'Ij |
Q i
3 i
o
©

-1.00 = cos(e:fm) <-0.50

MicroBooNE 1.6e20 POT
—— GENIE v2.12.2 + Emp. MEC

M e GENIE v3.00.04 G1810a0211a
GiBUU 2019
| - NuWro 19.02.1
i+ 3 Data (Stat. ® Syst. Unc.)
L4
]

e g
T S W s S S St I i A

N
0.5

1 1.5 2 25
p[fco [GeV]

0.27 < cos(efc") <0.45

L L e

05

1 15 25
pLeCO [GeV]

—c 2.5
(aV]

> -
53 |

G of
3 B
=) -
= 15
&
O = r

7
Ol o B
| o B
Ol

o

§ -

0.76 < cos(af‘”) <0.86

ER 15 25
pLeCO [GeV]

Model

XZ < cos(eLeCO) <0.27

GENIE v2 + MEC

............................. D
126.5 75 2 25
3eV]

0.62 < cos(@LeCO) <0.76

- L

1, 25 0 05 1 15 25
reco [GeV] pLeCO [GeV]
0.86 = cos(0°%°) < 0.94 oe f 0.94 = cos(6™*) < 1.00
u El= 3+ u
$) D) -
I
S -
T | e } ............. ‘E
C\IO 8 1; rI_: i
© (;8 | i i
90_1 '-_: :.'.‘.'.'.'.'.-.'.'.'.-.‘.'.'.'.‘.-.'-.'.-.'.'.'.-.'.'.'.-.'.'.'.'.‘.'.'
© 'r 1*1 | | | ¢ |
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Cross Section Measurement

—c 0.4
N B
g|=> -
(0] |
& I
o 0.3
o B
§ 0.2 |
ol
7] Lo
o] ite L
(a]
'O%O.'Ij |
8 B 1
s [11!
¢

- @ Data (Stat. @ Syst. Unc.)

-1.00 = cos(ef”) <-0.50

MicroBooNE 1.6e20 POT

—— GENIE v2.12.2 + Emp. MEC

------ GENIE v3.00.04 G1810a0211a
-- GiBUU 2019

-==- NuWro 19.02.1

L (]
Thn T o 1
L PO A S il B

05 1 1.? 2 25

pLeCO [GeV

0.27 < cos(efc") <0.45

2
o

Model

GENIE v2 + MEC

............................. D
126.5 75 2 25
3eV]

L This is the first test of neutrino event generators against

double differential neutrino scattering data on argon.

For each of the generators, a high X2 value is observed with

Y =

respect to the total number of bins (42).

L Discriminating power comes from correlations between bins.

(6°°°) < 1.00
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Cross Section Measurement

o __ 06 _
oJE O 1.00 = cos(6°) <-o.5o‘ IS k 0.50 = cos(6°) <o.oo‘ NS T 0.00 = cos(6/°*) < 0.27
52 | | 512 512 I
o 0.3
© - e M M
= | i Covariance Matrix . o
g 0.2 1 MicroBooNE Simulation
= [ 42 0.1
© 8 - E :l—- i - - - )
oS 0.1 |**T 3
S_ It i 38
o + i 37
s . 36 x

]

o
o
&
N
[

0.08

y°°) < 0.76

5 i i —10.06

——
Bin Number

18 —0.04

N 10 _
2.5 0.02 )Leco) <1.00

T
2 NWAOION®©O

12 3 4567 8 9 1011121314151617 18 19 20 2122 23 24 25 2627 28 29 30 31 32 33 34 35 36 37 38 39 40 4142

| Bin Number

9 05 l 25 % 0.5 l l l

1 1.5
pLeco [GeV]
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Cross Section Measurement

0.6 5
—c 0.4F T :
Ng% -1.00 =< cos(ereco) <-0.50 Ng% - -0. Model i XZ < cos(@[fm) <0.27
©oab MicroBooNE 1.6e20 POT 1o
L 0% | | — GENIEv2.12.2 + Emp. MEC > GENIE v2 + MEC 245.9
= [l e GENIE v3.00.04 G1810a0211a A 1 2
g8 0.2 Il -- GiB 3
S Newro 19,001 s GENIE v3 108.8
2l 8 |~ § Data (Stat. ® Syst. Unc.) L8 T LT e
5| S 0.1H , o3
S = < R e N ———
% 0:{— {. e 1- i "T"2T":'1"1'T£ % N W 126 5 ‘115‘ - é - ‘25
° oleco GV ® Uvvro 3eVi

= The large X2 is mostly driven by the high-momentum bins in the most forward-
going muon angular bins of 0.94 < cos(0) < 1 and 0.86 < cos 0 < 0.94.
The tension is reduced for GENIE v3, NuWro and GiBUU.

2
do __[10% cm*

_reco.r_ _ _

©O L 1o r i | 1o L -
0]; L o e O=_ . . 0
0 0.5 1reco 1.5 2 . 0 0.5 1reco 1.5 2 2.5 0 0.5 1reco 1.5 2 2.5
pM [GeV] ppt [GeV] pM [GeV]
Nﬁs 2.5¢ 0.76 < cos(0 rec°) <0.86 Nﬁs 3 0.86 < cos(0 reco) <0.94 Nﬁg 0.94 < cos(0 IreCO) <1.00
So 5@ e
S o 0] O]
- 3
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Cross Section Measurement

-1.00 = cos(efm) <-0.50 -0.50 = cos(@f”) <0.00 0.00 = cos(efm) <0.27
3 MicroBooNE 1.6e20 POT i
@ O.3k 8 0.4
o 4 | — GENIEv2.12.2 + Emp. MEC o 7
u""o of ¢ —— GENIE v3.00.04 G18..., No RPA| = I
= T M - GENIE v3.00.04 G1810a0211a °=
ol8 [ 3 Data (Stat. ® Syst. Unc.) 0 80'2j
o801 o5 |
e U TF '
OI‘H‘1““1““1‘-“‘1““ O‘H‘xuuxuux"“‘x““ P R R EE
0 0.5 1 1.5 2.5 0 0.5 1 1.5 2.5 1 1.5 2.5
pie [GeV] pre [GeV] pi° [GeV]
Nﬁg I 0.27 = cos(0™°®°) < 0.45 Nﬁg i 0.45 = cos(6™°°) < 0.62 0.62 = cos(6™°*°) < 0.76
So : £13 1.5 g '
&} o h
o = o i
| Il
= 1 =0
Nb 805? NO 8 i
o5 . 0| 803
8 - f 8 . [
o B o i -
ok, L  e— -oouuxurrrrr,,x. ,,,,,,,, N
0 0.5 1 1.5 2.5 0 0.5 1.5 2.5 1 1.5 2.5
pLeCO [GeV] pLeCO [GeV] pfco [GeV]
Nﬁs 2.5¢ 0.76 =< cos(0™°°) < 0.86 Nﬁs 3+ 0.86 = cos(0™*°) < 0.94 0.94 = cos(0™°) < 1.00
538 | g S g g
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Cross Section Measurement

o= 4 -1.00 = cos(6/°*) < -0.50
) -
o b MicroBooNE 1.6e20 POT
© | || — GENIEv2.12.2+Emp. MEC
ook [t — GENIEVS.00.04G18..., No RPA
= I - GENIE v3.00.04 G1810a0211a
i ¢ Data (Stat. ® Syst. Unc.)
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Cross Section Measurement
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Many More Analyses to Come!

Important for the MicroBooNE electron-neutrino “low energy excess” analysis:

this analysis is used as a base for a muon-neutrino constraint.

This analysis can be used as a preselection for many

other v, exclusive cross-section measurements :

vy CC Inclusive

— —~

Eur. Phys. J. C 79 Track
248 (2019) I\/Iultiplicity Vy CCOn (requiring
N>0 proton)
Phys. Rev. D 99 A/\
091102(R) (2019) | CC T°
Ty + 2p Tp + Np
CC mt/-
\4
Proton
CCKH/- Coherent mtt Multiplicity
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Many More Analyses to Come!

This analysis can be used as a preselection for many

other v, exclusive cross-section measurements

MicroBooNE preliminary. 4.411e19 POT, stats only
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MICROBOONE NOTE 1056

https://microboone.fnal.gov/public-notes/
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Many More Analyses to Come!

This analysis can be used as a preselection for many

other v, exclusive cross-section measurements

MicroBooNE Preliminary, 4.411e19 POT, stats only
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Conclusions

v

First v, CC inclusive cross section on

argon at Ey ~ 0.8 GeV

This is the first differential cross

section on argon!

v

| Full angular coverage
MicroBooNE 1.6e20 POT

—— Measured

. MCS for momentum reconstruction,
Stat + Syst Uncertainties

v

which allows the selection of exiting

— tracks and so there is no high
2.00 &|e
e E@ momentum cut-off
1.50 ;3): » The analysis has helped understanding
[ g the detector, and implement
:j: ; improvements to the detector
T0.50 § simulation and event reconstruction.
L Paper preprint:
1"0.00

https://arxiv.org/abs/1905.09694

Cosl(éxéco). _0'50‘0-75— 25 0 éfco \Ge\,\ j'/l k /
+ 0, +0.165 (syst) x 1075 cm?2 ank you.

Marco Del Tutto @3En

24th May 2019


https://arxiv.org/abs/1905.09694

References

Phys. Rev. D.24 (1981), p. 1400
Phys. Rev. C.83 (2011), p. 045501
Phys. Rev. D.88 (2018), p. 113007
Phys. Rept. 3 (1972), p. 261

AIP Conf. Proc. 1663 (2015), p. 030001
Ann. Phys. 133 (1981), p. 79

Phys. Rev. D.79 (2009), p. 053003
arXiv:1510.05494

9] Phys. Rev. D 80, 093001 (2009)
10] Nuclear Physics A 484, 557 (1988)
11] Physics Reports 512, 1 (2012)

N U A WN =

Marco Del Tutto @3En

24th May 2019



