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The Need for Neutrino Scattering Measurements

What we can measure:

rocess target
p g EIIlaX

®(E,) x 0;(E,,X) X €(X) x N; x P(vy — vp)

E

j min

Neutrino oscillation analysis for three flavours or more:
Extract oscillation probability

-+ Constrain systematics
Develop neutrino interaction generators

Background for beyond standard model physics (BSM):
Milli-charged particles
Neutrino trident
Proton decay
Direct dark matter search
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Not an Easy Task

MicroBooNE

A. Schukraft, G. Zeller
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MicroBooNE’s Cross-section Service

Modern accelerator-based neutrino experiments
studying neutrino scattering

(Ey), (Ep)  neutrino  run
Experiment beam GeV target(s)  period
ArgoNeuT v, U 4.3, 3.6 Ar 2009 — 2010 -
ICARUS (at CNGS) v 20.0 Ar 2010 - 2012 MicroBooNE has the advantage of
T L0 28200 High-precision event reconstruction
1CTOD OO 1% . T —
MINERvA V.0 35 (LE), He C, CH, 2009 _ 2019 High-statistics v-Ar data
5.5 (ME) H,0, Fe, Pb
MiniBooNE v, 7 0.8,0.7 CHy, 2002 - 2019
MINOS v, U 3.5,6.1 Fe 2004 — 2016
NOMAD v, v 234,197  C-based 1995 — 1998
NOvA v,v 20,20 CHp 2010 - See Sophie’s MicroBooNE overview talk
SciBooNE v, 08,07 CH 2007 — 2008
T2K v,7 06,06 CH, HyO, Fe 2010 -

PDG (Neutrino Cross Section Measurements Review)

e Constrain model systematics for future oscillation studies
SBN and DUNE have the same target material: argon
* Probe for nuclear effects
Argon is a big nucleus. Our studies are sensitive to final states.
e Contribute v-Ar scattering measurements for the development of
various generators
Data on neutrino interaction with argon nucleus is rare!
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Topology-based Cross-section Analyses

vy CC o

vy CC inclusive vy CC Ot 2p

BNB /
Booster vy CC Om
Neutrino \
Beam

NC elastic vy CC Ot Np

NuMli
The Neutrinos
at the Main
Injector beam

Ve CC inclusive
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vy Charge Current Inclusive

i T Phys. Rev. Lett. 123, 131801 (2019)

vp+Ar - p- + X

|
Target = - First double differential cross-
section on argon muon kinematics:

pu and cos 6,

* First inclusive measurement on
argon at low O(1GeV) neutrino
energies

- Full angular coverage

* Full momentum coverage
Multiple Coulomb Scattering (MCS)*
IS used to reconstruct muon
momentum, which allows muon to
be either contained or exiting

18(m Run 5412 Event 801, March 13th_ 2016

*IJINST 12 P10010 (2017)
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http://Phys.%20Rev.%20Lett.%20123,%20131801%20(2019)

vy Charge Current Inclusive: Selection

~ MicroBooNE 1.6e+20 POT

é - v, CC (signél), 51%
B v.. v, CC,0.055%

Selected Events: 27,200

Signal purity: 50.4% . F = i
L%J i o Data (Beamof), 20%
- Cosmic rejection: % b 'Eg_’ﬁiét’é"éamgon, stat. only)
> Through-going tacks g [
> Tracks outside of the TPC time window with 2000
the trigger t0

> Stopping muons (by Bragg peak and/or ) —— '_'_';_'_'_"_;____2____

Michel electron tagging) g QEETEL ERET L i

> Flash Match: ) S R 4précol[(l;e'v‘]-'5' aliil= = w1 ]
Check the consistency of reconstructed " -

MicroBooNE 1.6e+20 POT.
light signals from the PMTs and the — Nl
modelled light signal corresponding to a
cluster of charge deposition

v, CC, 0.44%
NC, 1.6%
s OUTFV, 7.6%
- Reconstruction quality
« M.IL.P consistency (by calorimetry)
 Fiducial volume 1000

B Dirt, 4.3%

B Cosmic, 6.4%

(=] Data (Beam-off), 29%

Stat. Unc. :
—3— Data (Beam-on, stat. only) :

Selected Events
8
8

Phys. Rev. Lett. 123, 131801 (2019) o 12 | :
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cos (6, ")
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http://Phys.%20Rev.%20Lett.%20123,%20131801%20(2019)
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1045-PUB.pdf

vy Charge Current Inclusive: Systematics

Esyst _ Eﬂux 4+ Jxsec 4+ Edetector .

Phys. Rev. Lett. 123, 131801 (2019)

Source of uncertainty

Relative uncertainty [%]

Beam flux

Cross section modeling

Detector response
Dirt background

Cosmic ray background

MC statistics
Statistics
Total

12.4
3.9
16.2
10.9
4.2
0.2
1.4
23.8

Various detector aspects, such as dynamic induced charge, light yield,
space charge effect and electron lifetime, are considered in the
simulation and/or are calibrated in the latest analyses.

MicroBooNE Cross-section
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http://Phys.%20Rev.%20Lett.%20123,%20131801%20(2019)

vy Charge Current Inclusive: Results

i identifies a bin in

dpl€COd cos geco .. N

, i target
i

(I)uﬂ . (Apﬂ - A CcoSs H,u)i the p, cosB, space

Forward folding | with detector smearing and efficiency published

NFS 0.4 1 -1.00 = cos(0 reco) -0.50
Model X?/ Nbins &l - _ 20
O 03 [ MicroBooNE 1.6 x10" POT
GENIEv2 + MEC|  245.9/42 © - | | — GENIEv2.12.2 + Emp. MEC
= N 3P S GENIE v3.0.6 G1810a0211a
GENIE v3 108.8/42 S . 0.2 |- ;"“l t GiBUU 2019
= il ~+ NuWro 19.02.1
i o 8 . |~ § Data (Stat. ® Syst. Unc.
GiBUU 172.9/42 08 o1] |l !- ( y )
Q BR '
NuWro 126.5/42 8= Lgi {‘
‘c f. i bl oy Sl
0 &2 P I o o st e e i s\ S s st e s
Test against different models: 0 0.5 1reco 1.5 2 2.5
High 2 is mostly driven by high p, " [GeV]
momentum bins in forward direction Phys. Rev. Lett. 123, 131801 (2019)
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http://Phys.%20Rev.%20Lett.%20123,%20131801%20(2019)
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1045-PUB.pdf

vy CC O

MicroBoZ%NE
From v, CC pre-selection . e 4%
Single-shower selection: (6)e = 1.9 4+ 0.2(stat) + 0.6(syst) x 10738 M1 | — GENIERS
+ Able to reconstruct and distinguish Ar | 401 (NoFsh
photon shower —~ 3:571— Nuwro
. . <
 Able to identify vertex First on argon ~ 3.0
- Verified with conversion distance Flux integrated cross-section & 21
Two-shower verification: measurement of Vi CC 10 ﬁlc; 204 )
« Test with 110 mass f'g L5
B
Phys. Rev. D 99, 091102(R) (2019) ~ 1o-
90M icroBooNE 1.62x10°° POT 0.5
o 0%_ —+— Data: Mean 128 + 5 MeV/c? 0.0 Argon
) 705_ Neutrino Induced n° ],IBOONQZ e e '
Q F l Charge Exchange n° s
3 60:—
= ] Cosmic (data)
N 50 L
o
; 40 . Other
e F
Q 30
L —
20:—
05 -
3 el )
050 100 150 'écl)o' D D00 e 50
Corrected Diphoton Invariant Mass [MeV/c?] C Adams et al 2020 JINSTIS P02007
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
https://iopscience.iop.org/article/10.1088/1748-0221/15/02/P02007

dEdx[MeV/cm]

vy CC Ot with Protons

From v, CC inclusive selection

Proton identification
Using x? test statistics

to compare dE/dx profile to the theoretic

profile from Bethe-Bloch
Protons are required to be contained

20 " "am -
~ P - -_2- _ﬂ.—l_ - = - —— Muon Expectation
18 .= - _' -
- . - - . —— Proton Expectation
-- -' - - - -
16 - - -
- . B - — MIP tati
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Proton purity > 92%
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Proton threshold

- Kinematic energy: 47 MeV
» Track length: 1.5 cm

1=
0 E_ — GENIE Default
- 300 MeV/c
0.8 = —— GENIE Alternative
0.7 ;—
0.6 ;— Proton interaction
0.5;— probability is high
0.4
0.2;— d:’ i%fpi i
0.1 2 Hﬂjﬂ’ﬂ% i'
o — 1 1 | . I u-J.::: 1 I 1 1 1 I 1 1 1 I | | 1 l 1 1 1 "T'I 1 1 +
0 0.2 0.4 0.6 0.8

True Momentum of Leadmg Proton Canuddate[GeV]

The lowest energy threshold in
current running accelerator-based
neutrino experiments.

Yifan Chen, University of Bern


https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1056-PUB.pdf

vy CC Ot 2p

Same selection in different models

GENIE GENIE Alternative

fraction of events
e o =
o rs >

°
-

%

2

-0.8-06-04-02 0 02 04 06 08 1
cos 0,,,, lab frame

..g Il ccae
RE
[ gg ) i .1 [ ccRES
-Co q, []cc-Con
I ccois 5 Il ccois
5 0. B ccMmEC
=
o
o
*0.08

-0.8-0.6-04-0.2 0 0.2 04 06
cos 0

o fraction of events

p1p2 1AD %8me’

- Probe nuclear dynamics
- Support the development of generators
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PRL in preparation

1

0 0.5
cos 6,,,, lab frame
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1056-PUB.pdf

vy CC Ot Np (N>0)

Proton multiplicity
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PRD 1n preparation (differential cross-section measurement)
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1056-PUB.pdf

NC Elastic

*
v, +Ar—=> v, +p+N

500 1
MC NC Elastic Protons

MC CC TPC Background
MC NC TPC Background
MC Cryostat Background
MC Dirt Background
Off-Beam Data

* The topology is a single proton
« Decent efficiency (expect ~1000 NC
elastic events in the collected data)

N
(@)
(@)

=
g
' ' L§300- BNB 5¢19 D

- Goal: cross-section and axial mass @ + e19 Data

=
measurement £ 200 |

g MicroBooNE
< Preliminary

—_
o
o

—_

0 . , , :
0.0 0.2 0.4 0.6 0.8 1.0
Reconstructed Proton Q2 [GeV?]
2.0
- 1.5-
- =
o T I S s B
o7 _+_—{—_f_4’_
0.5
0.0 T T " "
0.0 0.2 0.4 0.6 0.8 1.0

Reconstructed Proton Q2 [GeV?]

BNB DATA : RUN 5515 EVENT 852
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1053-PUB.pdf

Ve CC inclusive

Vo/ Ve + Ar = e" + X

v, CC
1 v, CC Mixed

o
[
a

Entries [A.U.]

Using NuMI (5% ve in NuMI 0.1
flux comparing <1% vein BNB
flux) to measure ve inclusive

o
N
IIIIII|IIII|IIII|IIII|IIII|IIII|

MICROBOONE Preliminary |m3v, cc outFv
NuMI| POT=2.4e2( | Cosmi
[ ] NC Mixed

v, CC
| B Unmatched

I NC
| ] InTime

I NC °

cross-section

Automated selection
> |ldentify electron shower

(Data - MC)

> ~100 signal events ;b
Verified with closure test in

measuring cross-section
Oy = 4.83 + 0.69 (stat) + 1.20 (sys) x 10> cm?

MicroBooNE Cross-section 15

~ 180

40 60 80 100 120 140 160
Leading Shower Theta [Degrees]
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Paper 1n preparation
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1054-PUB.pdf

Work Iin Progress - Near Future Measurements

Mostly topology-based measurement

* vy CC inclusive (with updated simulation, detector calibration and cosmic
ray tagger)
- vy CC 1+
- v, CC 0 (differential cross-section measurement)
BNB | - v,CC Omt Op
- vyCC Ot 1p
- Transverse variables in v, CCOmt
- v, CC kaon production
- NC elastic scattering

* Ve CC inclusive
- ve CC Np

"
28 [ il
S uw

- Kaon decay at rest N " i l ';" MHH

MicroBooNE Cross-section 16 Yifan Chen, University of Bern



Summary

MicroBooNE v-Argon cross-section measurements are important for:
Constraining model systematics for future oscillation experiments (SBN/DUNE)
- The development of neutrino interaction generators
Understanding backgrounds for beyond standard model physics

MicroBooNE published cross-section measurements:
v, CC inclusive (first double differential measurement on argon, first inclusive

measurement in O(1 GeV) neutrino energy on argon)

Phys. Rev. Lett. 123, 131801 (2019)

« v, CC 10 (first 10 cross-section measurement on argon)

Phys. Rev. D 99, 091102(R) (2019)

* v, CC Ort 2p

« vy CC Ot Np

« NC elastic

* Ve NC inclusive (NuMI)

MicroBooNE Cross-section

Preliminary results (public)

MICROBOONE-NOTE-1056-PUB

MICROBOONE-NOTE-1053-PUB

MICROBOONE-NOTE-1054-PUB
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v, Charge Current Inclusive: Migration Matrix

MicroBooNE Simulation

Probability

Measured Bin Number

S~ NWAOONW®

1234567 8 9101112131415161718 192021 222324 252627 2829 30 313233 34 3536 37 38 39 4041 420F

Generated Bin Number

Phys. Rev. Lett. 123, 131801 (2019)
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http://Phys.%20Rev.%20Lett.%20123,%20131801%20(2019)

vy Charge Current Inclusive: Systematics

Esyst _ Eﬂux 4+ Joxsec 4+ Edetector

u
det cv m cv m
Ez’j — E :(O-i — 0; )(Uj oy )
m=1
Svst tic S | | Relative
ystematic sampile . Uncertainty [%]
Induced Charge Effect 13.0
Source of uncertainty Relative uncertainty [%]] Light Yield Model | a7
Beam flux 124 | Channel Saturation =~ | 43
Cross section modeling 39 0 Space Charge Effect | 37
Detector response TPC Visibility 3.7
Dirt b.ackground 10.9 Electron Lifetime 2.9
Cosmic ray background 42 ] Miceor P . T g
MC statistics 02 b T Iscontigured - annes ot B
Statistics 1.4 Longitudinal Diffusion 1.7
Total 23.8 Transverse Diffusion 1.6
PE Noise 0.4
Wire Response 0.2
Phys. Rev. Lett. 123, 131801 (2019) T Wire Noise 01
Electron Recombination 0.1
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http://Phys.%20Rev.%20Lett.%20123,%20131801%20(2019)

vy Charge Current Inclusive: Covariance Matrix

MicroBooNE Simulation

42 0.1
ph = m J

=
0.08

0.06

N
a4

JLIER

NN
(e}

—0.04

Bin Number
N
o0

gy
N W
N
N
T

10 —0.02

S NWHArOTON®O

12 3 4567 8 9 1011121314151617 18 1920 2122 23 24 25 2627 28 29 30 3132 33 34 35 3637 38 39 40 4142

Bin Number

Phys. Rev. Lett. 123, 131801 (2019)
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http://Phys.%20Rev.%20Lett.%20123,%20131801%20(2019)

vy Charge Current Inclusive

2
d“oc ]Vl — Bi i identifies a bin in

dpfeQd cosgfece [ & - N

, i target
i

(I)l/ﬂ : (Apﬂ - A Ccos H,u)i the p, cosB, space

Forward folding| with detector smearing and efficiency published

M sel
- 2 =1 SN
t M gen ’
D j=1 SiilV;

Phys. Rev. Lett. 123, 131801 (2019)
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http://Phys.%20Rev.%20Lett.%20123,%20131801%20(2019)

vy Charge Current Inclusive: Results

Flux integrated cross-section per nucleon

c—=0.693 -

= 0.0lO(stat) =

-0.165(syst) x 10738 cm?

MINERVA, PRD 95, 072009 (2017)
T2K, PRD 93, 072002 (2016)

CCFR (1997 Seligman Thesis)
CDHS, ZP C35, 443 (1987)

O
— o7 O]
> 1.6 4 T2K (Fe) PRD 90, 052010 (2014) m GGM-SPS, PL 104B, 235 (1981)
O i 4 T2K(CH) PRD 90, 052010 (2014) ~ W GGM-PS, PL 84B (1979)
0] [ % T2K(C), PRD 87, 092003 (2013) Ve SO 30, Sar {979
14 }F A ArgoNeuT PRD 89, 112003 (2014)  © ~JINR, ZP C70, 39 (1996)
™~ [ ® ArgoNeuT, PRL 108, 161802 (2012) ® MINOS, PRD 81, 072002 (2010)
- 9 ) ' A NOMAD, PLB 660, 19 (2008)
(é - * ANL, PRD 19, 2521 (1979) & NuTeV, PRD 74, 012008 (2006)
1.2 i O BEBC, ZP C2, 187 (1979) X  SciBooNE, PRD 83, 012005 (2011)
(&) [ A BNL, PRD 25, 617 (1982) ¥ SKAT, PL 81B, 255 (1979)
w e
°?° 1 [ l @ MicroBooNE Data (Stat. @ Syst.)
— [ i ]
~ 0.8} ‘
~ 0.6
o -
o [
- +
0.2 - Vi,N — u* X
Flllllllll ||||||||| |||||||||IIIIIIIIIIIIIIIIIIIIIIIIIII
0
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E, (GeV)
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vy Charge Curent Inclusive: Model Comparison

Model Element | CGENIEv2 +MEC GENIE v3 NuWro GiBUU
; (v2.12.2) | (v3.00.04 G1810a0211a) | (19.02.1) (2019)

Nuclear Model Bodek-Ritchie Fermi Local Fermi Local Fermi Consistent nuclear medium
_________________________________________________________ Gas[1]Gas[23]Gas[23] corrections throughout. Also
Quasi-elastic Llewellyn-Smith 4] Nieves [2, 3] Nieves [2, 3] . uses a LFG model for

MEC Empirical [5] 5 Nieves [2, 3] i Nieves [2, 3] E nucleon momenta, a
s BShl ------------ - separate MEC model [11],
: 5 - 7 ] :
Resonant Rein-Seghal [6] Berger-Seghal [7] ergzr e.g 8:( 71 {pion . and propagates final state
_____________________________________________________________________________________________________________________________________________ prouc’uonrom[?]) particles according to the
Coherent Rein-Seghal [6] | Berger-Seghal [7] | Berger-Seghal [71 | Boltzmann-Uehling-
ES| hA [8] hA2018 [8] Oset [10] Uhlenbeck equations [11]

MICROBOONE-NOTE-1045-PUB
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1045-PUB.pdf

vy Charge Curent Inclusive: Results
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http://Phys.%20Rev.%20Lett.%20123,%20131801%20(2019)

vy CC Ot 2p: Model Comparison

Model element

GENIE Default

GENIE Alternative

Nuclear Model

Bodek-Ritchie Fermi Gas

Local Fermi Gas

Quasi-elastic

Llewellyn-Smith

Nieves

Meson-Exchange Current

Empirical

Nieves

Resonant

Rein-Seghal

Berger-Seghal

Coherent

Rein-Seghal

Berger-Seghal

F'SI

hA

hA2014

MicroBooNE Cross-section
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