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Neutrino Sources and Enriched Physics
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Elusive Neutrinos
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Solar Neutrinos Are Counted At Brookhaven

first measurement of solar
neutrinos at Homestake.

(2002 Nobel)
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The Homestake 37Cl (Chlorine) experiment super [J]|_| [l Kamiokande Neutrino missing”
a H,0 Ga

100k gallon, 4850 feet underground Fig. 4, Annu. Rev. Astron. Astrophys. 2013. 51:21-61 Solar model?
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Neutrino Oscillation

In response to the solar neutrino deficit, back to a phenomenon proposed by Bruno Pontecorvo in 1957

Neutrinos convert into other

Neutrinos that travel Neutrinos that travel typeS Of neutnnos
short distances keep their long distances have roughly 50%
original flavor chance to have changed flavors
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atmospheric neutrino oscillation
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Neutrino Mixing

Neutrino flavor

Neutrino Mass Eigenstates
V3
2%

56%

42%

A unitary matrix to describe neutrino mixing Typical fractions from experimental measurements
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Quantum Mechanics of Neutrino Oscillation

7p]
q) . .
© Time/Distance > Mass eigenstate "amplitude” evolves with time. The heavier, the faster.
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Ve Ve
At creation \ Y l
Ve or Vu or vy (Only three possibilities. Quantum Mechanics

tells us the “probability” of each flavor state.)
Superposition of three mass eigenstates is evolving with time

3/1/21 H. Wei, BNL seminar 6



PRL 121, 221801 (2018)
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Neutrino Experiment Anomalies: hint of sterile v

N exp/ N cal

R=

Reactor v, Anomaly

PHYSICAL REVIEW D 83, 073006 (2011)
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! ! . Daul:l (stat err.)I
3 v, from u**
O v, from K
= v, from K’
..... I ° misid
; ANy
I dirt
[0 other
Constr. Syst. Error
------ Best Fit

Events/MeV

New Physics?!

o Excess v, from v, — v, oscillation

V, (electron neutrino)

(sterile neutrinos)
O
—
“// Q e~ (electron)

Charged-current (CC)
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New Physics?!

o Not neutrinos:
o Dark sector neutral
particles decay to e*e™

3/1/21

Machado et al, PR...
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! ! . Daul:l (stat err,)I
3 v, from u**
O v, from K
= v, from K’
..... I «° misid
; ANy
I dirt
[ other
Constr. Syst. Error
------ Best Fit

Events/MeV

o Not neutrinos:

o Excess A - Ny
O

Standard Model Physics, but the rate could be higher
than SM prediction
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o Not neutrinos:
o Dark sector neutral
particles decay to ete~
o Excess A - Ny
o Other generic photon (y)
background

3/1/21

~
X € 3 . 89
250 s
B> LR
3
J:::)'.' "orsh
e/y hard to distinguish

in Cherenkov, scintillator
bubble chamber, etc.
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v Need to repeat the MiniBooNE low-energy excess
o Excess v, from v, - v, oscillation v Need ely (y ~ e*te™) separation

(sterile neutrinos) - electron-like low-energy excess (eLEE) — this talk
o Not neutrinos: <« photon-like low-energy excess (gLEE)
o Dark sector neutral N
particles decay to e*e™ 5H- = v, fromp
o Excess A —» Ny : — N
o Other generic photon (y) aE §§°§~f
background . other

Constr. Syst. Error
O

Events/MeV
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Liquid Argon Time Projection Chamber (LArTPC)
Large-scale + 4pi calorimetry & tracking capability

nBooNE
Delta-ray

!

Two y’s from % decay

y

Vertex of
neutrino

interaction
Beam

[ Drift

13¢cm

BNB DATA : RUN 5370 EVENT -:227. MARCH 10, 2016.
MicroBooNE (2016): neutral-current v — Ar interaction
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Micro Booster Neutrino Experiment (MicroBooNE)

170 (85) ton liquid argon in cryo (TPC)
2.5 m

Beam nBooNE TPC

Dimensions

o Pioneering LArTPC R&D

o v — Argon Cross section
measurement

o Direct test on
MiniBooNE low-energy

A excess

PMTs to detect
scintillation light

Anode wire
planes

Booster Neutrino Beam (BNB)
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BNB beam (4 Hz)

T T T T -
B Measured Cosmic Rate (Beam-Off)
1.7+ : ¢+ BNB Trigger Data (Beam-On) [4.51E18 POT]

1.6} : : MicroBooNE Preliminary

— _— — _— — _— — _— — _— — _— — _— 1?7

Count per 0.15 us
smic Background

—
—
T

Fractional Fla
with respect to

2 3 1 5 6 7 8 9 10
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o 1 neutrino interaction in the TPC active volume per 600 beam spills
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MicroBooNE detector BNB beam (4 Hz)

1 -
- Measure d Cosmic R'n.e(Be'lm-Om
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Time with respect to the BNB Trigger Time [1s]

o 1 neutrino interaction in the TPC active volume per 600 beam spills
o v : cosmic-ray =1 : 20k (beam spill = 4.8 ms readout window, surface detector)

—  cosmic-ray muons (4.8 ms) —

l— v (2.3 ms) —|

Vertical-up

A
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MicroBooNE detector BNB beam (4 Hz)

'~r" i : £ - ) -
L p - Ll KU
4 Y [ L . I v —
A \ 7 I U}
=\

T T T T
I Measured Cosmic Rate (Beam-Off)
TH : ¢+ BNB Trigger Data (Beam-On) [4.51E18 POT]

1
161 ] MicroBooNE Preliminary
1

Count per 0.15 s
mic Background

Fractional Fla;
with respect to

) 3 I 5 6 7 8 9 0
Time with respect to the BNB Trigger Time [1:s]

o 1 neutrino interaction in the TPC active volume per 600 beam spills
o v : cosmic-ray =1 : 20k (beam spill = 4.8 ms readout window, surface detector)
o v : cosmic-ray =1 : 200 (requiring in-beam light signals)
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BNB beam (4 Hz)

y T T -
I Measured Cosmic Rate (Beam-Off)
¢+ BNB Trigger Data (Beam-On) [4.51E18 POT]
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9 3 1 5 6 7 8 9 10
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o 1 neutrino interaction in the TPC active volume per 600 beam spills

o v : cosmic-ray =1 : 20k (beam spill = 4.8 ms readout window, surface detector)
o v : cosmic-ray =1 : 200 (requiring in-beam light signals)

oV, :v=0.4%:1
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A high-performance v, CC selection, to search for electron-like low
energy excess, requires a background rejection rate:

o Cosmic-ray background: >99.99%
o Other neutrino interactions: >99.9%

A brand-new end-to-end reconstruction
and selection chain ...

H. Wei, BNL seminar
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Wire-Cell 3D Reconstruction

Three time-versus-wire views

JINST 13 P05032

3D imaging, clustering

ey lines: wires
Cosmic-ray muons + neutrino interaction in an event
BNB DATA

Run 5906
Event 3710

Tomography

Vertical
>\__Induction view 1 @ @
<\
’: S1 ‘: S:

i’ .

~a Neutrino beam
Horizontal direction

(drift)




Wire-Cell Event Reconstruction

Cosmic-ray muons + neutrino interaction in an event

BNB DATA
Run 5906

arXiv: 2011.01375

Charge-light matching

In-beam
charge-light pair

Event 3710

~ Neutrino beam
Horizontal direction
(drift)

3D imaging, clustering

3D pattern recognition

32 PMTs

r—->

I Neutrino beam

30cm \()_26 GeV proton B B proton 263 MeV
—_— _ » H 8 e-1120 MeV



https://arxiv.org/abs/2011.01375

Multiple Reconstruction Methods at MicroBooNE

Ve e

A/é

Input Tensor

PRD 99, 092001 (2019)

U-ResNet

Concatenation of 512 x 512 tensors

Various reconstruction methods looking for different

final states

o Deep-learning —» 1elp0n (eLEE)

o Pandora = 1e0p0m + 1eNpOn (eLEE) or 1y0p + 1y1p (gLEE)
o Wire-Cell - 1e + anything (inclusive eLEE, enhanced
efficiency and sensitivity)

Output Tensor

Deep-learning

3/1/21

w, wire position

]_p x, drift position

Eur. Phys. J. C 78, 82 (2018)

Pandora

Protected track
clusters

/\ Candidate

shower spines

/\
)

Candidate
shower branches

T

Interaction Vertex

H. Wei, BNL seminar
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Wire-Cell generic v selection (pre-selection)

arXiv: 2012.07928, arXiv: 2101.05076

>

(D] 3 500 MicroBooNE —e&— Beam-on data, 17305
E —4— \Sgiallgg tg oT  Stat. error (beam-off data + MC)
8 3000 AN || Cosmic (beam-off data), 1987
g 5555 Cosmic (beam-on MC), 589
—2500 .
z v, CCin FV, 11379
82000 v, NC in FV, 1629
o 99.98% in-beam-coincident >

I v, outside FV in cryo, 964

+
L
==

cosmic-ray background is 1500 v,.V.v. in cryo, 257

rejected _(another factor of 10 in 1000 @ | ] Vu;n:i:t, 460
Ve Selection stage) = —+
o v, charged-current (CC) 500 & *¢
efficiency: 80% 0 %?—::;.;E:g
o ve CC efficiency: 90% 0O 200 400 600 800 1000 1200 1400
E, [MeV]

3/1/21 H. Wei, BNL seminar 24
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arXiv: 2012.07928, arXiv: 2101.05076

%3 500 :_ o ¥ MiCI‘gB(I)(;NE —e— Beam-on data, 17305
Low energy v, CC 2 é —+— 52?(?19 tSOT __ Stat. error (beam-off data + MC)
. . 3000 - Cosmic (beam-off data), 1987
selection is very tough SF B ————
— = 5555 Cosmic (beam-on MC), 589
~2500
3 - v, CCin FV, 11379
22000 — RS v, NC in FV, 1629
o ve CC rate ~0.5% of all Miso0E- '"'"‘ I v, outside FV in cryo, 964
neutrino interactions —4— . V7., in cryo, 257
o Backgrounds: O in dirt. 460
o Cosmic-ray muons 1000 —— M inaie
o Neutral-current interactions
high-energy to low-energy
feed-down o -~ = RS e TS
v, CC interaction mis- 0 200 400 600 800 1000 1200 1400

identification ws [MeV]
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arXiv: 2101.04228

60

40

20

3/1/21

LI I T I L I L I L |

O-l

MicroBooNE NuMI Data 2.4x10%° POT ~ —+— Beam-On Data (Stat)
Out-of-Cryostat

[ ] Beam-Off Data

[ Neutron

B Muon

H Kaon

I Pion

[ Photon

[ Proton

[ ] Electron
MC + Beam-Off

Stat. Uncertainty
0°< 06 <60°

v B i =

1 J2 3 5 6 7 8 9 10
Leading Shower 4E/dx (Collection Plane) [MeV/cm]

e shower y (ete™)shower

Neutrino vertex + gap identification + e/y
separation

X However, the extremely low signal-to-
background ratio makes this story quite

different
o Bad neutrino vertex
o dE/dx fluctuation
o Track overlapping with show stem
o Low energy e/u(m) separation
o Asymmetric y pair production
o mY decay y escape
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Unreliable
pattern
recognition

Kinematic

Muon-related
misid

pi0 or
gamma

Primary
electron id
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lowEoverlap
highEoverlap
trkovercluster
badreco4
badreco3
badreco2
badrecol
vtxInshw
stemdir
ShwAngle
muEnergy
brokenMu
lowEMichel
stemlen
gamma(spt)
gamma(stw)
gammas(mgt)
gammas(mgo)
pi0(sig)

pi0

mip_id
mip_quality
gap

cosmic

Rejection rate of valid (reco showers) neutrino events [MC]

0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

N I I S S N N N A N NN N NN NN N N B O

0.11 0.14

Cosp, 8ap Mgy, Wiy Do PiOr, &any,Sam, Sany, &any, Step, Aoy, Oror. Mup Shy, Step, Vixy bag, baq, bag, bag, ko, oy doy,
Stje "\905;1@ (5ig) e gy méagf‘%’i';)a (spi5 Eﬂﬂcﬁiﬁ’ﬁ%’]e’g&gﬂ"'r Ingfdrecoreco$recofrecod Veréﬁgfoe;efgge%p

o Capacity of hand-scan
« <1000 events

* 1% error rate — to be 10 times lower
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Wire-Cell generic neutrino selection ( scalar variable 1 1|

|- interaction-level variables

events

—

Reject residual cosmic and out-of-FV scalar variable 243 -

¥

]- particle-level variables

XGBOOST, 99.9%, 30-fold reduction

1.00 —
% TMVA, 99.55%

4 ] i I e 099 7-fold reductipn
Human-engineering - |
) :
= 0.98 :

1 8 Box-cut result, 97%
Machine-learning algorithm: O o097 A
XGBOOST: eXtreme Gradient Boosting. ®))

- / —~— —— XGB ROC :
0.96 - !
m —— XGB-Converted-Tg-TMVA ROC
—— Old TMVA ROC |
0.95 \

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90

Signal (good vertex) efficiency
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Remaining backgrounds

n° or other gammas conversion close to the primary neutrino vertex
Single gamma (e.g. from t® decay) in active volume

Charged pion, muon, or even proton overlap gamma shower stem
10% NC v — e elastic scattering

Gamma (from piO decay)
conversion close to nu vertex

SRy [yt
%f/// ‘,‘
(% )
) o A charged particle connected to

- gamma (pi0 decay) shower trunk

B B o0 1772 o Very challenging!




LEE-sensitive v, CC selection

MICROBOONE-NOTE-1095-PUB

MicroBooNE Simulation, Preliminary

% B Scaled to 5e¢19 POT
> B Pred. uncertainty [ ] Cosmic, 0.0
o _ [ 1EXT,00 1 Dirt,0.0
S 4 out FV,0.3 NCr’inFV, 14
- — CCm’inFV,10 NCinFV,03
e B v,CCinFV,05 [1v.CCinFV, 247
g - o LEE, 2.7
Relative to generic v selection, 3 3
. . (&) H
o Background rejection >99.9% < [ | Fully Contained
o 49% efficiency, and 84% purity L%’ 2 Ve CC
iy
Enu <600 MeV -
LEE : intrinsic v,CC : others 0

1000 1500 2000 2500
— Reco Neutrino Energy [MeV]

-
LN
-
=g

=0.71:1:015
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Validation of v, CC selection using NuMI data

MicroBooNE Preliminary

BNB (short-baseline)
<€~ Booster

Main Injector

D U N E (long-baseline)

MicroBooNE ~700m off-axis to NuMI target

No BDT retraining, no optimization

of reconstruction & selection.

Good agreement between

data and Monte-Carlo

3/1/21

Event counts

BUIRRRRE

Data/Pred

200

150

100

50

SDATA/S(MC+EXT)=1.0520.03(data err)+0.19(pred err)

Data POT: 2.064e+20 é“/ndf—16 12/16
—e— NuMl data, 1113.0 red. uncertainty
] Cosmic, 137 1 EXT,115.7
) Dirt, 0.0 outFV 62.5
NCrl“mFV 959 CCn‘]mFV 149.8

v, CCinFV,53.5
| — anuv CCmFV 101.5

NCin FV, 16.7
) v, CCin FV, 450.9

H. Wei, BNL seminar
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16

nue BDT score
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Validation of neutrino energy reconstruction

MicroBooNE Simulation, Preliminary

— 3 |
- \/Q> ol = &
_ Z2.5F 102
= I -
= a8 -
Ar/ § 2
Inclusive ~1.5 B | 10
selection I
IF =
Eyec = lgel)gc%n 8 0.5
‘ : LEE region
O Sy Ll

'
Resolution ~15% across the 0O 0.5
energy region 0.2-2.5 GeV

3/1/21 H. Wei, BNL seminar
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dQ/dx (e/cm)

Validation of neutrino energy reconstruction

%10 MicroBooNE Simulation, Prelirhinary

x10° MlcroBooNE Data, Prehmlnary

‘ 10 20 30 40 50 60 70 80 90 100 0
Residual range (cm)

dQ/dx (e/cm)

00 10 20 30

pi0 invariant mass

(shower energy + open
angle between the two
decay y’s )
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dE/dx

40 50 60 70 80 90 100 °
Residual range (cm)

MicroBooNE Preliminary
£ o ZDATA/Z(MC+EXT)_1 00+0.06(data crr):tO ZS(Ercd err)
3 o Data POT: 5327¢ 8/30
51 50— —e— BNB data, 264 () um:crlmnty
b= [ —— Cosmic, 1.3 — EXT, 1.6
o - 1 Dirt,0.0 out Fy, 14
a L I I NCI'inFV, 155 CC 1 inFV, 1964
- NCinFV,4.1 v, CCinFV 416

40—

30—

20—

10—

=
- 3
L 25 Pred. uncertainty (stat+xsec+flux)
55
i %
- Thade T G IREURRE
sE [T F 14T
% 50 100 150 200 250 300

Reco T mass [MeV]

H. Wei, BNL seminar

Event counts

Data/Pred

minimal/highly ionizing particle

MicroBooNE Preliminary

70 :_ ZDATA/Z(MC+EXT)—0 96+0.04(data en')t() 18(pred err)
- Data POT: 5.327 df=41.17/30
- —e— BNB data, 5280 Prcd unccnam(y
- — Cosrmc 148 — EX 6 3
— 1 Di out
o [ ] NC n" in FV, 248.1 CC 1 in FV 77.6
- NCinFV,176 v, CCinFV, 420
- [ V. CCinFV,43
0=
40—
30— N C
-
o
3
25 E Pred. uncertainty (stat+xsec+flux)
2
| I U S L St &
1 cendeck g FPhGs gan Sc a1y
05 +5TH e + +
0 0 50 100 150 200

Reco I'l0 mass [MeV]
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Entries

Data / Pred

Validation of hadronic energy reconstruction
MicroBooNE Preliminary

900 53¢19 POT Data
800 +
200 N === Pred no constraint
E— o x2/ndf: 21.75/16
600
500 Fe- .
wob X Before Constraints
300E- BNB v, CC
200 - fully contained
100E ‘
0: 1 1 1 |
5 Qverflow bin
1.5F
e R A
R T T R  — <« rrrr
0.5 ‘
% 500 1000 1500
E’*°, [MeV]

3/1/21
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Constraint channel: Y

v muon
kinematics
. A T
—\
reco
/ hadron
Ar Target channel: X

X,constrained

I_L =
ZXX,constrained

-1
'uX_'_zXY_(ZYY) .(nY_uY)’
yXX _yXY (EYY)‘I yYX

Data-driven correction on Monte-Carlo.
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Entries

Data / Pred

Validation of hadronic energy reconstruction
MicroBooNE Preliminary

900 o Good agreement between data and MC

=~ 53019 POT 5 00! | |
800" /_t Praetz Wi consiraint within the residual systematic
700"  2ndf: 19.49/16 uncertainties after constraint from
gggg_ ” muon kinematics (E,, and cos6)
200E- After Constraints
300F- BNB v, CC

3 full i -
200§ ully contained o Hadronic energy response well modeled
mgg_ | by Monte-Carlo

2r

L 1 1 1 | 1 1 1 1 | 1 1 1 1 |
% 500 1000 1500
£, (MeV]

H. Wei, BNL seminar 36



eLEE search

A single detector?

3/1/21



VMCC
Full
contained

VMCC
Partially
contained

V. CC
partially
contained
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Signal Constraints

2
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Event counts

Data/Pred

VM CC SeleCtiOIl (open data, 4% of full datasets)

Major constraint on cross section and flux

[70]
- SDATA/S(MC+EXT)=1.11£0.02(data err)+0.20(pred err) £ 1600— SDATA/S(MC+EXT)=1.060.01(data err)+0.18(pred err)
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500 |— —
- "}"-{-1 i 1000 f—
400 F— + 1 -
= + 800 |—
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“Slope” indicates imperfect cross section model (discuss later)
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Event counts

Data/Pred

T[O SeleCtiOn (open data, 4% of full datasets)
Constraint on the predominant background in v, CC
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Overall a good agreement between data and Monte-Carlo
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Total systematic uncertainty correlation matrix

1
CC/NC r? ‘I: 120 0.8
| 0.6
"""""""""""""" 100 | 1N, b
PC v, CC 3 04
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_______________________ o 8 , .
2 L7 R 0 o Key to T-Channel
FC VMCC E 5 e &onstramt o
_______________________ o - 02 © RKey to sensitivity
calculation
PCv.CC 40 —0.4 o Key tofinal eLEE
e _________________ 06 search
20 | '
FCv,CC -0.8
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‘ ——Birimde—— ————
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0-2.5 GeV for each channel 0-1 GeV for each channel
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Total systematic uncertainty correlation matrix

1
0.8

A7 o6
"""""""""""""" 100 | FUE
PC v, CC | | 0.4
ég 0.2
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____________ 59 0.2
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------------------------------- 0.6
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"""""""""""""""" % 20 40 60 80 100 120
LEE reqgion <0.8 GeV o i
g Binindex  correlation

target channel
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Systematic Uncertainties

Q“0 Cﬁe o
FCvCC  PCwCC  FCwoC  Powoe €00 ¢07 &
2.5 . :
N 5 — Total
- § —Flux 10-15%
x100% 2:_ —Xs  20-830% (cross-section)
S n i — Detector
s 15l ; — MC stat
2 I | Dirt
5 :
T :
x |
20% — ,

Reco energy [MeV]
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Systematic Uncertainties

Q Q
" o
o
OV o0 (Ot

FC v,CC PC v,CC FC v,CC PC v,CC <

B Flux

100 Bxs
o 80 [ Detector
> BIMC stat
é 60 u D'Q
Dominant systematic 3_ assign a 50% uncertainty
uncertainties: w40
v, CC:statofMC ¢
v, CC: 20
« <1.5GeV xsec
« >1.5 GeV detector 0

(driven by low stat)
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Cross section & Flux uncertainties

« Standard reweighting method using GENIE, Geant4, and flux knobs (parameters)

000&00@8 ot pcv.cc <O Ooig 0010‘8
. 1 1
120 0.8 1200
' 0.6 I 05
100 ; 0.4 10 . -
S ' —0.2 %
g o0 - § o
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ﬁ 60 I - = __02 % [li .
40 — —0.4 !'
P 0.5
= 0.6 -
20 3 =
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Flux uncertainty correlation matrix Xsec uncertainty correlation matrix
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MC Bayesian statistical uncertainty

MicroBooNE Simulation, Preliminary

Scaled to 5e19 POT
Pred. uncertainty [ ] Cosmic, 0.0
L [ 1EXT,00 [ Dirt, 0.0
4 out FV,0.3 NCrinFV, 14
o CCminFV,1.0 NCinFV,03
v,CCinFV,05 [Vv.CCinFV,247
[ LEE, 2.7

 Important “systematic” for Monte-Carlo central values

« Accurate for low stat background component, e.g.
« Beam-off data (EXT)
« Simulation of v outside the cryostat (DIRT)

Event counts / 100 MeV

» Other low stat background estimation from MC 1-
¢ A procedure inCIUding 00: 500 1000 1500 2000 2500

Reco Neutrino Energy [MeV]

« Posterior PDF calculation of compound Poisson distribution (POT

scaling, event weight from GENIE) h : e
« Convolution of multiple components’ PDFs --> total PDF YO — connasn 8w
* Prior correction --> flat (uninformative) prior for total PDF 006 Summation of
* Errorinflation in the summation of multiple low stat components 0.%4¢ three ZERO bins
« Normalization and uncertainty (68% credible interval) calculation .02}
0

10



Detector systematic uncertainty

« Bootstrapping method to take into account the "statistical fluctuation” in the finite
statistics detector variation samples

* Not misled by statistical effect when doing constraint

Low-statistics detector variation samples High-statistics (x10) detector variation samples

FCv,CC PCv,CC

0.5

Reco energy [MeV]

2 8888 88 8 8 8
e 2 & 4 e 2 &
Reco energy [MeV]

- dominated by light yield scaling, light
attenuation, and recombination model

j-!'!' R . - Tl ' -_1
0 20 40 60 80 100 120
3/1/21 H. Wei, BNL seminar Bm index 7

Detector systematic correlation matrix




Fake data test on 7-channel eLEE search

' ' i iati MeTN Red: nominal MC
« With our full systematic uncertainty estimation . peasiohin

and 7-channel strategy, do a LEE search in an
artificially-generated "fake” dataset

Events (9.08E+20 POT)
—
o

Different cross section modeling (GENIE v2):
o Enhancement of v, CC for specific final-state topologies. iy True v, CC
o Enhancement of low-energy v, CC [ N_ . neutrino energy
o NO eLEE signal | - spectrum

0000 = = = 2 — = = =
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Fake data result

40:—
i Best-fit value 0.288 356 -+ Fake data (signal only)
4o~ [ 68% Cl (0.116,0.514) E
g | Eeecemeem 30F % Nominal MC after constraipt Z
>,<=: 30:— E ‘ 77,
: - 2 255— — High-stats fake data
£ 200 ?
G- n PR PR ST (N TN ST TN TN (N TN ST TN T (ST SO T W N TY 15:_ g
0 05 1 15 2 25 3 - 7
LEE strength ~
10 /L
107k Ay =8.412 E Ax?=3.170 5;_ AV/
E ; :g?;gltxe:0.0H 10‘:11‘\ :;:;gl:e:OOBQ ;A/ . _/_//,/,//(/(/{/ T T T T
5 F h % 1 2 3 4 5 & 7 8
" of - Reco Neutrino Energy (x100 MeV)
| >
5| s ; o .
I S R T PR PR T T ) o"'é“'::“'é' B0 12 14 16 18 20 O PowerfUI Constralnt
Ax? Ax? . .
o Unbiased v, CC selection (truth study)
o LEEx=1 (MiniBooNE LEE) is excluded o Other selection e.g. v, CC and ° shows
o .
at 98.9% CL. consistent results w.r.t. truth spectra

o Disfavor LEEx=1 at 2.6¢0 and favor LEEx=0 at 1.7¢
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Sensitivity for eLEE

MicroBooNE Preliminary 5.3x10'° POT

& 3=
Assume the MiniBooNE LEE originates from E 25%_ :{fPred no constraint
v, — V. oscillation (sterile neutrinos), with 25_ 4% full datasets
7x104Y POT data (three years): 1 55_ ), red i constraint
41 excess v, events <600 MeV 15_ Data ? |
66 v, events from the Standard Model 0'55_ N o Lo L]
prediction <600 MeV . ! R

%700 200 300 400 500 600 700 800

Reconstructed neutrino energy [MeV]

Feldman-Cousins sensitivity with full L EE-sensitive region
systematic: Fully contained v, CC < 800 MeV

(to exclude LEEx=0 assuming LEEx=1)
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LEE oscillation analysis

ICARUS T-600, 760 ton
moved to Fermi 2017

3/1/21

MicroBooNE 170 ton SBND 112 ton
2015- .

o Multiple detectors for a sensitive
oscillation analysis
o Different oscillation effects

Shite > EMPIES: § B, J = _5_
e—— e MR
- P e — 4 1om - @
S Vlv%f;“"»- ﬁtﬁ e »\@’,‘,_ ’Ls
m ’e 3 Ly 476W #’;\ T“" E ﬁNN r Detector ™
 MicroBooNE - I“ 2
= ' - eam = 7

B — PLL—— i Y - - e e S
- — _— —— ,‘—. -
[ 2

Short-Baseline Neutrino Program
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LEE oscillation analysis

o A powerful LEE oscillation
analysis to provide a
definite check on the
existence of another flavor
of neutrinos.

3/1/21

Annu. Rev. Nucl. Part. Sci. 2019. 69: 363-87
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Other physics opportunities
alongside the LEE analysis



Cross section measurement

MicroBooNE Preliminary MicroBooNE Preliminary

@ @
5 SDATA/S(MC+EXT)=1.10£0.02(data err)+0.20(pred err) g s0 EIDATA/Z(MC+EXT)=0.9920.06(data err)=0. 2”(3Prcd err)
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600 out FV, 20.1 NC’inFV, 174 R NC'inFV, 7.3 CCrn'inFV,38
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vy CCinFV,2706.9 [ Vv.CCinFV, 1.7 o v, CCin FV, 230.8 — .:mu v.CCinFV, 455
500
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. Injector Bgam
300 Muon neutrinos 20 .
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200

++ 1. Electron aJvti-neutrinos
— 3 +%+ n-‘- A

0 0 il —
3 2 - 3
% 15 § 25 Pred. uncertainty (stat+xsec+flux)
g 2
s 813 s +:
05 1 ""’++ +"*"'§*'+=+ '+‘+ """"""" _‘f__+
. 03 . + + gt
0 N 500 1000 1500 2000 © 2500 0 500 1000 1500 2000 2500
Reco neutrino energy [MeV] Reco neutrino energy [MeV]

High-precisionv,(v.) — Ar cross section measurement

« High-statistics
» High-acceptance (fully active volume)
* Multi-dimensional (e.g. Q%, x,;, E,,) measurement enabled by improved reconstruction
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Observations from BNB v, CC selection

BNB

open data

(low-stat
DetVar
sample)

3/1/21

Not energy shift (leptonic and hadronic energy validation)

Not flux issue
« BNB vs NuMI (similar slope)
* Final states: 0 proton vs. N protons
Cross section issue
« Similar to what we have seen in the fake dataset (GENIE v2)
* Hints from T2K one-track and two-track v, CC cross section measurement

Strong correlation between v, CC and v, CC cross section modeling

. e e B L o _

£ 2 E £ F
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State-of-art Wire-Cell v, CC selection

PRD 102,011101(R) (2020)  JHEP10 (2020) 114 L. Cremonesi, Neutrino 2020 talk

v, CC MicroBooNE this work ArgonNeuT T2K near NOVA near
detector detector
Beam line BNB NuMI (FHC) NuMI J-PARC (FHC) NuMI
@470 m off-axis @1 km @280 m, off-axis @1 km, off-axis
Purity 84% 91% 79% 53% N/A
Efficiency 42% 37% 10% 27% N/A
# of v, CC /1e20 POT 84 (85tons) 190 (85tons) 10 (120 kg) 36 (1 ton) 1200 (300 tons)
DUNE TDR
v, CC DUNE far detector
Beam line LNBF
Gzt A o Deep underground
Purity 90% o Enhancement (x10) of v, after oscillation
- o o 2-5GeV
Efficiency >85%

o Simulation study

# of v, CC /1e20 POT 10 (10 ktons)
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Summary

» Wire-Cell end-to-end reconstruction and neutrino selection chain has been
established at MicroBooNE. The inclusive v, CC selection has an outstanding
performance with 42% efficiency and 84% purity.

« Will provide a definite answer to the question if the MiniBooNE low-energy excess
originates from v, events after MicroBooNE data unblinding (this year?!)

« Expect a combined LEE oscillation analysis with other short-baseline neutrino
experiments (using Wire-Cell or others), to provide a definite answer to the question
if the LEE originates from sterile neutrinos.

* New physics opportunities: high-impact v, (v,) — Ar cross section measurements
 All these efforts well fit to the next-generation LArTPC experiment — DUNE.
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Thanks for your attention!
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Intrinsic v, CC scaling

Events/MeV
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MicroBooNE electron-like LEE prediction

arXiv: 2006.16883
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Applying this low-energy excess / beam intrinsic v, CC
ratio to MicroBooNE — eLEE prediction
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Liquid Argon Time Projection
ule cbe Chamber (LArTPC)

HBoONE _
Delta-ray
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- Twoy’sfromm

ya oo decay
Vertex of &
neutrino AR

interaction
Beam

[ Drift

e~ -> Brems.y b e‘e - -
cm

Gargame”e (1973) discovery Of Weak BNB DATA : RUN 5370 EVENT -:l227. MARCH 10, 2016.
neutral current [vﬂe‘ — Vue_] MicroBooNE (2016): neutral-current v — Ar interaction
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Paradigm 2: Pandora 2D Reconstruction

* Traditional reconstruction algorithms

« Sophisticated pattern recognition software originally developed for application of Particle
Flow Calorimetry for future linear collider experiments

Matching 2D patterns into 3D Eur. Phys. J. C (2018) 78:82
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Paradigm 3: Deep Learning 2D Reconstruction

* In particular, Convolutional Neural Networks (CNNs)
* Scalable technique, generalizable to various tasks 1. 2017 JINST 12 Po3o11

. i s 2. Phys. Rev. D 99, 092001
* Superb performance on image data analysis
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Cosmic-ray Background After Generic v selection

From neutrino beam-off data

Will be reduced by a factor of 10 in neutrino selection stage
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1095-PUB.pdf
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NuMI preliminary v, CC selection
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Low energy v, CC from NuMI data stream

Run 6475 Event 21

E,~550 MeV
e U 3D space point
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M,sr basedon M = Y1, w;

N 2

Rewrite M and ¢*
* M= Meprwery

* 0% = Meppwess

o2 M

Define 02 := Y;_, w{ (variance of M actually)

u u

2 S
* Werf = H'Meff == IZZ, the expectation of My¢s is Mgrr = = Ajwhere u is the

expectation of M (with non-uniform weights)

a)eff o

Approximation: the effective likelihood function of the expectation M, follows a Poisson

distribution given the measurement M, [exactly the case for uniform weights]

So the likelihood function of u is

" M
e_a)eff ( U )weff
Werf

L(ulM,0?%) =

M + 1)

F(“)eff
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This effective likelihood accounts for both mean and
variance of the measurement; remains valid for broader
weight distributions than using an average weight
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Examination of the scaled
Poisson distribution (SPD) as
a approximation of the
compound Poisson
distribution (CPD)

Event weight is an
independent random variable

Likelihood: s, = 2~ based

on measurement
Probability: w, s = 227

- Weff E[w]
based on the distribution

of weight

More discussions can be
found in Nucl. Instrum.
Meth. A 748 (2014)
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Final procedure of MC statistical uncertainty

1) Posterior modification taking into account non-uniform weights:
(M—p), M 1n(“) 2

-~ 0]
P(uIM) < wepp - € “eff @eff M"“effzﬁ

2) Poisson posterior P(u;|N;) of each component/sample before POT
scaling - variable substitution for posterior of each component with
POT scaling

3) P(u|N¢orgr = D.s; - N;) convolution of PDFs of each component with
POT scaling

4) Prior correction by dividing u®1, n is the number of components
5) Normalize the final PDF
6) Credible interval, standard deviation, (co)variance, etc.



Example: ZERO observation for three components
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Reference PDF, flat prior
summmation PDF w/ prior correction

summmation PDF w/o prior correction

S

10

“Reference”: theoretical calculation
of total assuming a flat prior

“w/o prior correction”: convolution
of PDFs

“w/ prior correction”: convolution of
PDFs dividing p?

Standard Variance of these three
curves:

~1.0 for reference

~1.0 for summation w/ correction
~3.0 for summation w/o correction
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Improvement on Wire-Cell reconstruction

« Upgrade Wire-Cell event reconstruction with deep-learning (DL) algorithms
« Start-up practices show impressive results

DL object detection in 3D point cloud from YOLO
(arXiv:1506.02640)
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