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The MicroBooNE Experiment

* Liquid argon time projection
chamber in the Booster Neutrino
Beam at Fermilab
(60-ton fiducial mass)

* Primary physics goals

- Investigate the origin of the low energy

« Constrain interaction model systematics for
precision oscillation measurements

<
excess (LEE) of electron-like events 2.5m
seen by MirllilBooNE % 5+ S l:Dllﬁnif)l T _
- Misidentified y backgrounds? 8T Eﬂﬁg o :
. Sterile neutrinos? ‘F —— e .
| —— i ]
i 3 + = Constr. Syst. Error ]
- Measurements of neutrino-argon cross  BEE T Best Fi -
sections . i
2 Ll Phys. Rev. Lett. 121, 221801 ]

* Detector R&D for future LArTPC efforts 05 s
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The MicroBooNE Experiment

* Liquid argon time projection
chamber in the Booster Neutrino
Beam at Fermilab
(60-ton fiducial mass)

* Primary physics goals

- Investigate the origin of the low energy
excess (LEE) of electron-like events

« Constrain interaction model systematics for
precision oscillation measurements

Tal % :I - S S S |.| | Ia‘l-.:llsalelrr.I S ]

seen by erlulBooNE ras e ™ -

- Misidentified y backgrounds? & r v omK? -

- Sterile neutrinos? 4%‘"=+ Ay -

| = otner ]

. 3 + = Constr.. Syst. Error ]

- Measurements of neutrino-argon cross e T T Best Fil -
sections 4~ -

2 Lo, Phys. Rev. Lett. 121, 221801

* Detector R&D for future LArTPC efforts s o =
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The MicroBooNE Experiment

* Liquid argon time projection
chamber in the Booster Neutrino
Beam at Fermilab
(60-ton fiducial mass)

* Primary physics goals

- Investigate the origin of the low energy
excess (LEE) of electron-like events seen
by MiniBooNE

- Misidentified y backgrounds?
* Sterile neutrinos?

vy CC inclusive

I
I
- Measurements of neutrino-argon cross |
I

sections
 Constrain interaction model systematics for B
precision oscillation measurements 40Ar ?
* Detector R&D for future LArTPC efforts M. Del Tutto
3¢ Fermilab
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Strengths of LArTPC technology "< High charge

* Low thresholds & full angular
coverage

* Tracking with mm scale spatial
resolution

° CaIOrImetry ‘ COSMIC DATA : RUN 4487 EVENT 104. January 12 2016
* Particle identification via dE/dx - ' | = gm:ggzg g":g::;sca'”didateé
- e/y discrimination | o D
- Key advantage for oscillation studies = | |
using v, appearance g , ArgoNeuT
Z |
o
< | + .
- A challenge: Limited cross section | ou ] o B
data for 40Ar 0 1 2 3 2 5 6 7 8

dE/dx [MeV/cm]
Phys. Rev. D 95, 072005 (2017)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.072005

v, CC inclusive: a foundation for other measurements

—

Eur. Phys. J. C 79 Track
248 (2019 | Multiplicity

v, CC Inclusive

T~

v, CCOmn (requiring
N>0 proton)

09P1h1y<§h2:Q Re)v(.zg 1999) CCn® /\A
Tu+2p Tu + Np
CC it/
A 4
Proton M. Del Tutto
CCK+H- Coherent mt+ Multiplicity

All three analyses described in this talk make

"""*ij,,'f\ N |
use of the Pandora reconstruction toolkit WS
Eur. Phys. J. C (2018) 78:82 E
https.//github.com/PandoraPFA
3& Fermilab
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https://github.com/PandoraPFA
https://doi.org/10.1140/epjc/s10052-017-5481-6

vy CC inclusive cross section

Collection Plane
(Y Plane)

Proton

« Simple experimental signature:
One reconStrUCted muon traCk Colour scale shows

deposited charge

* vy + 40Ar = u + anything

Michel Electron

- Includes a mixture of underlying reaction o
modes

Simulated POT: 8.90576e+20

- Comparlson to mOdel pred|Ct|OnS teStS Scaled to POT: 1.627e+20

(2}
many things at once G 4000}~ S
L . MEC, 20%
® N B RES, 26%
- Provides selection for exclusive cross %3000_— — P
section measurements B [ [ stat. Une.
gzooo_—
_ g | MicroBooNE
* Complementary to previous CC © I (BNB, v mode)
: : 1000 ’
iInclusive measurement by ArgoNeuT
at higher mean energy

0

0 0.5 1 1.5 2 2.5
(96 GeV vs. 0.8 GeV) True Muon Momentum [GeV]
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1045-PUB.pdf
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1045-PUB.pdf

vy CC inclusive analysis: event selection & reconstruction

* 99.9% cosmic rejection

- Often 20+ comics in each 4.8
ms TPC readout window

- Matching TPC and PMT signals
key discrimination technique

* First use of multiple Coulomb
scattering to measure pyu

- Contained and exiting
muons included, treated on
equal footing

- Detalls In
JINST 12, P10010 (2017)

Selected Events

efficiency = 57.2%
purity = 50.4%

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

8000

6000

4000

2000

Ratio
[eoleoleole) -
>N

MicroBooNE Preliminary

Accumulated POT: 1.627e+20

B v, CC (signal), 54%
B V.. V. CC, 0.055%
v, CC, 0.49%
NC, 1.7%
B OUTFV, 7.8%
B Cosmic, 7%
[(£=27] Data (Beam-off), 29%
Stat. Unc.
—¢— Data (Beam-on, stat. only)

Onély stat errdrs shown

T I R R

o

AR
NN\
NN
QAN
NI
AR KRR RN R RN RNY
ANOUUNUUNUNUONUNNNNNN
AR KRR RN R R R R RN
\k\\}\\\\i\\{\\}\\}\\q\\\\l\\EI\\El N N :
BESRSAEEEESs a3 SO0 |
! | ! ! ! ! | ! ! ! ! | ! ! ! ! | p !
0.5 1 1.5 2 2.5
reco Gev
~8 cm pM [ ] ~8 m
tracks tracks
T :
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http://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10010
http://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10010
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1045-PUB.pdf

vy CC inclusive cross section results

* Double- and single-differential cross sections for argon (pu, cos0y)
- https://arxiv.org/abs/1905.09694

 Binned in terms of reconstructed quantities (model comparisons via forward-folding)
* Tested against several generators: GENIE v2 & v3, GiBUU, NuWro

- Most tension in high-momentum, forward-angle bins
- Recent model improvements (local Fermi gas, RPA) favored

* Best x2 =108.8 /42 bins for GENIE v3 (versus x2 = 245.9 for GENIE v2)
- Recent movement has been in the right direction

> 151 = B !
G ' s o
E £ MicroBooNE 1.6e20 POT 3 - MicroBooNE 1.6e20 POT
- O B
S [ — GENIE v2.12.2 + Emp. MEC “ L.  —GENIEV2.12.2 + Emp. MEC
& E = ---GENIE v3.00.04 G1810a0211a &= s --.GENIE v3.00.04 G1810a0211a
= e EEEE — GiBUU 2019 s . E — GiBUU 2019
= I | — — NuWro 19.02.1 % 15  —NuWro 19.02 1 .
2. [ EE I Data (Stat. ® Syst. Unc.) 3 B 1 Data (Stat. ® Syst. Unc.) ;
Q 05} = -
e i ==k
B ""'r-"‘ 05:— _Tq' i
0 ?l L L I L L 1 1 l L L L 1 I L 1 L L l L L 1 1 O: — 1 !‘ | 1 _l._ L 1 ; 1 L 1 L 1 L I 1
0 0.5 1 1.5 2 2.5 ~1 0.5 0 0.5 ]
P, [GeV] cos(6,™)
https://web.fnal.gov/organization/theory/JETP/2016/FermilabWineAndCheese-MarcoDelTutto.pdf
3¢ Fermilab
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https://arxiv.org/abs/1905.09694

vy CCmP cross section \\/'/
Y, u

Resonant 7" production

- Other processes (e.g.,
FSls) also contribute

- Nearly always decays
to 2y

Pion production important
process to understand for
DUNE

Photons from NC 7z can
be mistaken for v, CC
events

- Similar nuclear effects

for CC/NC y candidates have neutral Invariant mass for
gap between shower start 2-shower events can be
and vertex | checked against 7’
* Events selected from hypothesis
those that pass CC LR
iInclusive pre-filter Lcm BNB DATA : RUN 5607 EVENT 3107. MARCH 27, 2016.

2% Fermilab
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Validation of CCn° event selection

» Measurement performed using
sample of 771 events with at
least one reconstructed

shower oo MicroBooNE 1.62x10”° POT
80 E_ —+— Data: Mean 128 + 5 MeV/c?
- Boosts statistics 705_ Neutrino Induced =°
L E Charge Exchange n°
- 95% of BNB GENIE events 3 60F ,_l_ ge Exchange
with 1y > 50 MeV involve = sof- _l_ Cosmic (data)
0) S - —
- decays 2 sof- :F t Other
e F
: : : Q 30
* Mean diphoton invariant mass w t Subsample of 224 events
from 2-shower events agrees  %°F with two observed showers
with 7z” hypothesis 105} 4 —{—

j— ...|l||.|I1|1|l....I.|||'_t_1q;'l‘Wi—ﬂ=-ﬁ=l:ﬁ
(mﬂo 135 I\/IeV) 50 100 150 200 250 300 350 400 450 500

Corrected Diphoton Invariant Mass [MeV/c?]

 Cross-check using 294-event https://arxiv.org/abs/1811.02700
subsample with two showers

o

2% Fermilab
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https://arxiv.org/abs/1811.02700

vy CCmP cross section result

https://arxiv.org/abs/1811.02700
« Good agreement with
generators across different
nuclear masses

Flux-integrated total cross section

(0)y = 1.9 £0.2 (stat) = 0.6 (syst) x 107° cm? / Ar

MicroBooNE
1.62 x 102° POT

(v, CC 1r° + X)

MiniBooNE
PRD 83 052009,2011

(v, CC 1m° + 0 % + X)

ANL
PRD 25 1161,1982

(v, CC 1° + 0 1% + X)

* Comparison of GENIE

. . 0.200 2.00
resonant pion production — GENIE RS — GENIE RS GENIE RS
0.1754 ~° (NO FS|) 1751 (NO FS|) = (NO FS|)
mOdels GENIE BS GENIE BS GENIE BS
- Rein-Sehgal (RS) withand  _ 4159/ — Nuwro oiiCd s =
without FSIs enabled = O =
- Berger-Sehgal (BS) s a .
 NuWro 3 0.100 ¥ = 0o 1_ @
= T el B
. . o | o 2.0
- Adler-Rarita-Schwinger & S T —
- Oset cascade for FSI = e s
~ 0.050 - B 0.50 =
* First demonstration of 0.025 - 0.25 1 0.5
fully-automated shower L - L

Deuterium Carbon

reconstruction in a

LArTPC :
Increasing nuclear target mass —

2% Fermilab
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https://arxiv.org/abs/1811.02700

Investigating protons in CC events

- Low thresholds and precise = oo
tracking capabilities of LArTPCs — et

allow for detailed studies of
hadronic activity

o
-

GENIE Default

* Proton multiplicities, momenta,

can help shed light on M1 08060402 0 0204 08,48

p1p2

complicated nuclear effects

g Bl ccaE -..........-CCQE
3)- [ ccres ,.2
5 meoe | O
g [l ccMEC [}
* Example: Angle between 5,
. %. 5
protons in CC2p events 3
©
0.

- Shaped by nuclear effects

- “GENIE Default” =v2.12.10 108060402 0 0200 06,08 1 | "cos 6, ; Tab frame.
with empirical MEC

Generator disagreements here are large!

- “GENIE Alternative” = v2.12.10 with MicroBooNE can help to resolve them
Nieves CCQE & CCMEC

2% Fermilab
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1056-PUB.pdf

Preliminary data for the CC2p opening angle

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

MicroBooNE preliminary. 4.411e19 POT, stats only
[_]CCOPOr CCv,

7] _
o ' D CC1POr  [@@NC
= - @ CC2POr [ OOFV
< 35— [ 1 CCNPOn Il cosmic
L - [ JCCNPn [ off-beam data
"5 30 - [ JCCNPNr  —¢— on-beam data
o
< 251

20

15

10

n
O
2y
BNEB DATA: RUN 5419 EVENT 3121. MARCH 24, 2016 "g s
o
2
- CCQE T T T T T T T T - CCQE : : : : : : :
[ ccres & 05 08 06 04 02 0 0.2 0.4 0.6 0.8
[Jcc-Coh = cos 8, .,
Il ccois q>)
B ccMEC Q
(Te
5,
c
i)
whud m n n ]
8 Higher statistics coming soon
-
0. to constrain these models!

0

- 0 0.5 1
-1 -08-06-04-02 0 ob%soeﬁw.?lgb 9igme1 cos 9p1p2 lab frame

2= Fermilab
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https://microboone.fnal.gov/wp-content/uploads

A CC4p event!

uBooNE

\

KE proton cand #1 = 154.6 MeV (559 MeV /¢)
KE proton cand #2 = 88.9 MeV (417 MeV/c)
KE proton cand #3 = 123.4 MeV (497 MeV /)
KE proton cand #4 = 172.9 MeV (595 MeV/¢)

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

2= Fermilab
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Conclusion

* MicroBooNE is hard at work studying the
physics of neutrino-argon interactions

vy CC inclusive cross section . ;5 Ay
v, CCx¥ cross section " |

Proton multiplicities, momenta, angles
- Many more results coming soon!

* Nuclear effects greatly complicate
theoretical description of v-40Ar scattering,
but high precision needed to answer key
neutrino physics questions

* Current & upcoming MicroBooNE cross |
section results will provide important model l,lBOO

constraints for future oscillation
measurements

2= Fermilab
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Liquid argon time projection chambers (LArTPCs)

Sense Wires

u vy

Liquid Argon TPC

Charged Particles
—— >0 /‘

Cathode

Plane . | 2
. / 2 22/; 7 7\
< | PMTs
& % L \
\Q'l 4.
‘ /1
/1
:

W W 5 W W W

=S

3D imaging of neutrino events

2% Fermilab
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Cosmic rejection for v, CC inclusive selection

A track is vetoed as a cosmicray if . ..

f it is through going in the detector
o . . .
99.9% cosmic rejeCthn * it is not compatible with the neutrino beam time (that lasts

for only 1.6 ps compared to the 4.8 ms readout window)

the track is a cosmic crossing the anode or cathode plane

Often 20+ comics in each (for which we can reconstruct the t)
4.8 ms TPC readout window! {:} 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/
or Michel tagging)

M. Del Tutto

m Al reconstructed tracks

Cathode Time

A

>

Anode Time

Recorded Time

. > Collection Plane Example
Wire Number

2% Fermilab
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vy CC inclusive cross section results

MicroBooNE 1.6e20 POT
—— Measured
i Stat + Syst Uncertainties

‘ |
'% . r—
| . T  T2.00 Els
, o i z
| 175 LG
‘ —
nd
— —_ A
150 9
%’D:s.
| 1.25 wn
| o
= I U
T 100 O
\/ T o075 §
- o 3
~
T0.25
| Lo
S 2
| 0.0

= 025 S — :

00025 5o o A Ge\,\
COS(efeco 2 100 25 rec \.

g ) Py
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vy CC inclusive cross section results

20

=04

"‘l: ------ GENIE v3.00.04 G1810a0211a

-1.00 = cos(G[f“) <-0.50

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

---- GiBUU 2019
NuWro 19.02.1

- L § Data (Stat. ® Syst. Unc.)

e e—t— D A T —

25

N H

05

1 15
P [GeV]

0.27 = cos(9L°°°) <0.45

- [y ———

1 15 2.5
P [GeV]

0.76 = cos(eL°°°) <0.86

https://arxiv.org/abs/1905.09694
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=
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n
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10738
) [
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0.00 = cos(9f°°) <0.27

} L]
0 05 ie'co'éﬁ\.'/s‘ 2 25
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2 0.62 = cos(6°*) < 0.76
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8
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https://arxiv.org/abs/1905.09694

ArgoNeuT v, CC inclusive event distribution

w ArgoNeuT Preliminary, 1.2e20 POT

9016 S —————— -
<;)0_14 _ —— GENIE _
O 1 - NC
0012 H I —— WS -
(- I
O g - QE CC :
S 0.11 . RES CC
+0.08 : § ——— DIS CC .
0.06 || s :
|_ — rgonNeu -
0.04 " - (Nul\ﬁ :ntri\l-v r-rll-ode) _
0 02 Ilui;lj‘.r:-- B
0 e D—
0 5 10 15 20
(GeVIc)

21 08/06/2019 Steven Gardiner | Recent Cross Section Measurements from MicroBooNE

2= Fermilab



22

Fit of shower start distances agrees with y conversion length expected from

simulation
efficiency = 16%
] purity = 56% 20
250 MicroBooNE 1.62x10°" POT
LI Simulation Normalized to Data
B Data
200— Neutrino Interaction, primary vy
_ " Neutrino Interaction, not a primary y
g B Neutrino Interaction, uncorrelated activity
N~ 1501 Cosmic only (data)
Ay r ==sxansaes  Fitted Data Conversion Length: 24 + 1cm
*2 = Simulation Conversion Length: 25 cm
o 100
L r 771 events

LI A

(at least one observed shower)

o ll”llll' |

Vertex to Shower Start Distance [cm]

20

30 40
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Proton candidate selection

* Proton tracks are identified by ’g N
comparison to theoretical S 35
predictions from Geant4 s
simulations x

LS,
LU o5

* “Residual range” = distance
between current hit and final hit )

15

* PID metric used to test proton of

hypothesis 8
51 _

- Accepted candidates are bl e e e e e
contained and have © s R e e e e e R
PID < 88 residual range (cm)

PID = 2 Indof — 1 dE/dxmeasured_dE/dxtheory ’
proton ndof hits L OdE/dx ]

2= Fermilab
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Proton candidate selection

MicroBooNE preliminary. 4.411e19 POT, stats only

. . 1600 ] B proton

* Proton tracks are identified by s - e

comparison to theoretical 1400 e e CTocam e

predictions from Geant4 1200

simulations 1000 contained

g _ , _ 800
* “Residual range” = distance

between current hit and final hit 000

400
| ]

* PID metric used to test proton 200 . ——

hypothesis
* Accepted candidates are

contained and have

P I D < 88 0 50 100 150 200 25al| tracks. |:,”3300

Proton PID cut
B 92
PID = 2 Indof 1 dEldxmeasured ~ 4E/dXheory
E)( naolr =
proton ndof | G _

2% Fermilab
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Nuclear effects in neutrino cross sections

* Current accelerator-based oscillation
measurements use nuclear targets
(e.g., 40Ar) Charge Exchange ®
“ S Elastic
Scattering

* Many complications compared to the
free nucleon case
Fermi motion & binding energy

Short-range correlations

Meson exchange currents

Long-range correlations (“RPA”)

Absdrption

Final state interactions
. T. Golan
T

 Challenging theory & sparse data for 40Ar @ @

Pion Production
« MicroBooNE is providing data to improve our

understanding of this physics
3¢ Fermilab
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Nuclear effects in neutrino cross sections

. i Free nucleon CCQE vyields
* Current accelerator-based oscillation a single p in the final state

measurements use nuclear targets e
(e.g., 40Ar) T

* Many complications compared to the
free nucleon case

Fermi motion & binding energy Short range
correlations

Short-range correlations

Meson exchange currents

Long-range correlations (“RPA”)

Final state interactions p

 Challenging theory & sparse data for 40Ar A. Schukraft

-

# Exchange
Final state

» MicroBooNE is providing data to improve our Currents , _
| Interactions

understanding of this physics p P n
$& Fermilab
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