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e Atour of MicroBooNE.
« MicroBooNE yresults.

e MicroBooNE v, results.

e The future of MicroBooNE.

* Short-Baseline programme.
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Neutrinos

e 2nd |ightest 2@ most abundant
particle in the Universe.

* Know of three active neutral
flavours, each corresponding
to a charged lepton flavour.

 |nteract via the weak force.
Neutral Current NC (via z°
exchange).

— Charge Current CC (via W+
exchange).

Three Generations of Matter

CAMBRIDGE
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Neutrinos: What We Know
Justhandles  conrols ® They have mass and “oscillate”:

the units. f
nt (appearance) requency

- Produced in flavour states v,_,

travel in mass states v ..
L(km)

P(vy — vy) = sin®(20) Siﬂ2(1-27ﬁm2(evg)§eew) - Flavour changes as a function of

Controls the
amplitude

Measured:

¥ CAMBRIDGE

energy and distance travelled.
* Described by 3 mixing angles, 2

\ mass splittings and 1 phase.
0,,=45.6+2.3° Amz,, = 7.53+0.18x105 eV?
0,,=33.620.85° | Am2,,| = 2.45+0.05x10 V2
0,,=8.33+0.22°
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trinos: What We Don’t Khow

Normal : :
b Do neutrinos violate CP? 6¢P# 0.

e Are neutrinos their own anti-particle?

A2
Am LD

 What Is the absolute neutrino mass?

e How are neutrino masses ordered?

ﬂmzza
L —— * What is the origin of neutrino mass?
(m, _}[ - 1
j * Are there other neutrinos yet to be
EV. BV, HV. EV. discovered?
5B UNIVERSITY OF
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Normal

v,

LD

e Do neutrinos violate CP?

. V“ . V. . Ve
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trinos: What We Don’t Khow

Are neutrinos their o article?

What is the ab utrino mass?

How are asses ordered?

Wha rigin of neutrino mass?

Are there other neutrinos yet to be
discovered?
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aseline Neutrino Experiment Anomalies

Beam Excess

Phys.Rev.D64:112007(2001

>
17.5 LSND ® Beam Excess % 6
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e 1 other <
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Definitive test of short baseline v,
appearance requires new experiments

Phys.Rev. D65 112001 (2002
AN L B B R L

KARMEN -
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(1.60 deficit)]

lIlII

20

30

40 20

energy prompt event  [MeV]

Events/MeV

and detector technology:

- enter the MicroBooNE Liquid argon
time projection chamber (LArTPC).

Phys Rev. Lett 121 221801 (2018

atﬁ‘est

‘™ MiniBooNE
- 4.50 excess

- Datld sldl l-_'rr)
C v, fo
v, fro*n K
= v, from K
] r misid
CJa—~Ny
I it
[ other
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e MiniBooNE Low Energy Excess

MiniBooNE Electron-like selection has a lot of photon backgrounds. B 5o s
T Yy pawstater)

1 v, from

| | T
] -
> B
2 7 from K'" - Flux?
= - ] v, from K0 UX .
0 B B v, from K
6l----
C + A > Ny h . .
= I dirt ——— Mis-ID’d pi-zero
- other background
Constr. Syst. Error . .
_______ Best Fit (measured in-situ).

i

I|IIIIIIIII|IIIIIIII|III““IIIII|IIII

_______ Mis-ID’d Event display: MiniBooNE collaboration
photon Or real
background? electron

o neutrino
8.2 0.4 0.6 0.8 1 1.2 1.4 ESE (Ge\%o appearancer)
Sees 4.50 excess in neutrino mode, 4.70 in antineutrino mode.
2.8 UNIVERSITY OF

1111111111

5B C AMBRI DGE Melissa Uchida IOP HEPP APP Conference 2022 8



-
=]
b

croBooNE

leO'_I:IGeVIcmZ
o

10 |
00 05 10 15 20 25 30 35 40 45 50
Energy (GeV)

8 GeV Protons-

=r

e
/ ke a,cs-a/L e | ] O/ ‘~.Om/

T UNIVERSITY OF
) CAMBRIDGE

Melissa Uchida IOP HEPP APP Conference 2022




MicroBooNE nBooNE _

* Large-scale LArTPC:

T - 85 tonnes (active mass),
- 8192 wires (3 mm pitch) on 3 planes,
.. - 32 8” Cryogenic PMTSs,
1

- - UV laser calibration, Cosmic Ray Tagger.
® Crucial for scaling up to DUNE.

— Cold electronics: 40:1 signal-to-noise ratio.

— Gas piston purge: >18 ms electron lifetime.
* Science goals:

Charge Readout . ,
from Wire Planes - Resolve the nature of miniBooNE’s low-energy excess.

- Study GeV-scale v-Ar interactions.
= UNIVERSITY OF - LArTPC hardware and software testbed and R&D.
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JINST 13, PO7007 (2018)

Advanced signal processing:
produces 2D de-convolved waveforms,
which represent the number of drift ‘
electrons that arrive at each wire as a
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« Data-driven electric field maps:
- UV laser: JINST 15, P07010 (2020),

— cosmic muons: JINST 15, P12037 (2020).
 Calorimetric and EM shower calibrations:

- JINST 15 P03022 (2020), JINST 15 P02007 (2020),

- JINST 13 (2018) PO7006.

uBooNE _

* Longitudinal diffusion of ionization e- ’s: arXiv:2104.06551

Data: taken since 2015

POT on tape !
Run 3, Rung4

—— Delivered POT
Run1 Run 2

2015 | 2016 | 2017 - | 2018, | 2019
1

Run 5

2020

2.0E21

1.5E21

1.0E21

5.0E20

0.0E00

Cumulative POT
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https://arxiv.org/pdf/1910.01430.pdf
https://arxiv.org/pdf/2008.09765.pdf
https://arxiv.org/pdf/1907.11736.pdf
https://arxiv.org/pdf/1910.02166.pdf
https://arxiv.org/pdf/1802.08709.pdf
https://arxiv.org/pdf/2104.06551.pdf

uBooNE

Event Reconstruction

Co-developed 3 fully-automated and independent event
reconstruction frameworks - excellent LArTPC resolution:
* Pandora

— Multi Algorithm approach provides robust automated pat-rec.
Proton

e — Multiple neutrino cross section results (CC inclusive, CC o,
CC Np, QE-like, v.), BSM searches (HNL, Higgs portal scalar).

CC v, +1 proton candidate data event - Eur. PhyS ‘JC781 82 (2018)
Run 8617 Subrun 46 Event 2328 W Deep Learning (DL)

uBOONE — First of their kind applications in a LAr TPC.

_ - PRD 103, 052012 (2021), PRD 103, 092003 (2021),
Proton - JINST 16, P02017 (2021), PRD 99, 092001 (2019).
Candidate

 Wire-Cell

- fully 3D, next-generation charge-to-light matching, improved
cosmic removal.

- Phys.Rev.Applied 15 (2021) 6, 064071,
JINST 16 (2021) 06, P06043, arXiv:2012.07928 (PRA).

Photon
Candidate

NC A =Ny candidate data event

LS | Sce poster Jingyuan Shi: Comparison Studies 12



https://arxiv.org/pdf/1708.03135.pdf
https://arxiv.org/pdf/2012.08513.pdf
https://arxiv.org/pdf/2010.08653.pdf
https://arxiv.org/pdf/2002.09375.pdf
https://arxiv.org/pdf/1808.07269.pdf
https://arxiv.org/pdf/2101.05076.pdf
https://arxiv.org/pdf/2011.01375.pdf
https://arxiv.org/pdf/2012.07928.pdf

MicroBooNE Systematics nBooNE! _

uncertainties {JB GENIE
une params

detector systematics.
EPJ C arXiv:2111.03556 o

utrino cross section uncertainties
— Apply best practices from other experiments

. (MINERVA, NOVA, T2K) efc, 1 3 :
- and the results from our own GENIE tuning. W N e

Sample Wavetorm, Channel=697

ovel data-driven technique using wire responses@nificantly reduced our

—— Original Wiwawlcrm, |

— Modifizd Wirsehon
=== Drigial bibs

- Vary > 50 different parameters to assess v interaction uncertainties.
- PRD arXiV:2111.03556.

* Neutrino flux uncertainties

- Make use of the very well-understood BNB from MiniBooNE.

- MicroBooNE public note #1031. Parallel talk Alex Moor: v /v Ratio Weds @11
58 UNIVERSITY OF _—
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https://arxiv.org/pdf/2111.03556.pdf
https://arxiv.org/pdf/2111.03556.pdf
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1031-PUB.pdf

e MicroBooNE LEE Analyses "B°oN2-

e can characterise any LEE excess beyond simply whether it is
lectrons or photons but also in terms of particle content and
kinematics (on both the leptonic and hadronic side).

Remaining aghostic to specific new-physics hypotheses.

2.8 UNIVERSITY OF _ .
&5 C AMBRI DGE Melissa Uchida IOP HEPP APP Conference 2022 14




m LEE Particle Content? "BoeNE_

_ e _ 2, o _ 2% X| _ s
e Y p\ e L % e "
’t::. "-:'bh "-::. "-::.
4 B e Y e
x
L p\ £ 3
"..* ‘o-l.‘
_ L Highly Asymmetric e"e” Highly Asymmetric e e~
Overlapping e™e Overlapping e e~ 2% 2%
e .‘g'f ﬁ.1 o;} _ %30:.}
b .’.. r..

Credit: Mark R-L
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oNE’s First LEE Exploration "BeeN2_

~
2% o 2% X| — &%
. '.‘ \ e : '.t e ﬁ l.x
w P w "
J
r 2
Y 75, v L5
k " (] ] J
. . Highly Asymmetric e™e” Highly Asymmetric e e~
Overlapping e™e Overlapping ete™ , J’, w"*",
"‘ﬁ: "J '.1 r;} %& p:.}
b ) Fx ..'.,:. ¢ : p\ ’ :

Credit: Mark R-L
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First series of results (1/2 the MicroBooNE data set)

0oNE LEE Exploration so far.. *BeeM2_.

Reco

Models opology

1e0p

1e1p

1eNp

1eX

e'e

+ nothing

+

e eX

1y0p

1y1p

eV Sterile v Osc

v

v

v

Mixed Osc + Sterile v

v,

v,

v

v

Sterile v Decay

V.

V[13.14]

1
V [4,11,12,15]

AN

Dark Sector & Z’

[ 12'3]

-

AN

[1,2,3]

More complex higgs *

VA

Vo

Axion-like particle

V4

Res matter effects

SM v production

v

v

*Requires heavy sterile/other new particles also
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MicroBooNE Blind Analysis nBooNE_

BNB v, data only accessed after:

gl After preselection
|

- analyses were developed on simulated
samples and e bend

- validated on sideband data samples + a
small open subset of data in Runs 1 & 3. "Near"

side band
» After the analyses were frozen and before
unblinding, LEE analyses defined “far” and
. Nue signal
“near” v, sidebands,

— used to step progressively closer to LEE-

signal-model-enhanced low-energy region. PIb
Results presented today are unchanged since data unblinding.
BB UNIVERSITY OF
18
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BooNE'’s Photon-Like AnaIyS|s "@

?_:b_—}— MiniBooNE il?a:ﬁ::l:tm} =
§ [ 4.50 excess — DY :
‘i = "k =
A = e |
& y e 2 + _______ g:;ls-::ri.tqy&t. Error - |
x ® | ]
A i _-
. & /e i
[ L _-T“ _:
« NCA- Ny is a significant background ]
In the MiniBooNE analysis. O s o L 121, 221001 5018) e oy

* This process has never been measured in neutrino scattering.

* Multiplying the generator prediction for this by 3.18 resolves
the LEE — we can test this alternative model!
5% UNIVERSITY OF
C AMBRIDGE Melissa Uchida IOP HEPP APP Conference 2022 19




MicroBooNE’s Photon Analysis "BeoN2_.

NCA — N~ Signal Topology NCA — N~ Signal Topology

Neutral Current scattering, producing a
photon which travels some distance 1yip topology, primarily targeting A—py
before pair producing an e'e” pair

Short proton candidate
with Bragg peak

Single EM shower
pointing back to track

Distinct gap

Pair production

MicroBooNE Simulation

* Uses two two-photon selections to constrain NCT1t° background.
* Signal samples are single photon.

* Physics modelled with GENIE v3.0.6 —» Berger-Sehgal resonance model.

UNIVERSITY OF
C AMBRI DGE Melissa Uchida IOP HEPP APP Conference 2022




TLEE: Single-Photon Hypothesis

Events

80 NC A — Ny [TINC1n® Resonant A(1232)
. LEE Model (x =3.18)  ([lINC® DIS
[ ]All Other Backgrounds ([l NC1x® Higher Resonances
80E 2, Total Unconstrained
o« * Background & Error MicroBooNE 1y1p Data
* (6.80x10% POT)
>, Total Constrained
“ . k‘ Background & Error
a0f 7
20 — N
10
0
Unconstrained Constrained
Iylp ( )
Unconstr. bkgd. 27.0 £ 8.1 16 data
Constr. bkgd. 205+ 3.6 events
NC A = Ny 4.88 observed
LEE (zmB = 3.18)  15.5 \- J
Data 16

Events

400

350

300

250

NC A — Ny [TINC1n® Resonant A(1232)
= 0
LEE Model (x, =3.18)  |IINC1t° DIS
B cC v, /v, On’ B NC1n® Higher Resonances

B CC v,/¥, (>0)n°
-~ 1otal Unconstrained
’ Eiackground & Error

I NCin® Coherent
[ ] All Other Backgrounds

MicroBooNE 1y0p Data

" (6.80x10% POT)

~ Total Constrained
o Background & Error

Unconstrained Constrained
1v0p ~ )
Unconstr. bkgd. 1654 + 31.7 | 153 data
Constr. bkgd. 145.1 =+ 13.8 events
NC A — Nn 6.55 observed
LEE (zmB = 3.18) 20.1 \ J
Data 153
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Well then... uBooNP _

Q 001:: S e ot 59 L F & Phys.Rev.Lett. 128 (2022) 11, 111801
g 0.163— % Nominal Prediction § - .
YY) PN %ﬁ Disfavours the NCA . Ny
£ ol explanation of LEE at 94.8%
0'1;_MedianSensitivity % Confidence IEVEI-
0.08:—1'50 j “
o.oef— !
out \\ng'&“
oce- \;. % h1p 170p
Ol bl \":??%?i L Unconstr. bkgd. 27.0 £ 8.1 1654 + 31.7
_ _ _ _ A = L 210 o Constr_bked 2054+ 36 1451 + 138
NC A = Nry 41.88 6.55
i} i : LEE (zmp = 3.18) 155 20.1
50-fold improvement over prior = = —

limit on rate of this interaction.
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https://arxiv.org/pdf/2110.00409.pdf

roBooNE’s Electron-Like Analysis "BooN2_.

"0 SData/SPred = 1.08 £ 0.13 mm sNe v, CcoE (369.27 « 3 distinct e-like LEE search analyses:

600 MicroBooNE 6.67 x 1029 POT ps ::';tg';;{zag‘?;"o”sn;’ (9333
3 500 ; m= Cosmic Background (97.77) e CCQE 1lelp. PRD arXiv:2110.14080
E w2 Systematic Error
R4 - P * Pionless: 1eNpOTt and 1e0pO0Tt. | PRD arxiv:2110.14065
w 300
gm_ e JeX, PRD arXiv:2110.13978

100 . . . . .

e Start with high-statistics muon-like samples
5)00 400 600 800 1000 1200

to make data-driven electron-like prediction.

2
1 //’////ﬁ//y/;e'/}'/;/ S /"//’,/_/./ -« e 7 % 4 , A /’/i

Data/Pred

| _ _ | - Heavily reduces uncertainties on
900 400 600 800 1000 1200 :
E, [MeV] e-like spectrum.

* Excellent rejection of cosmic-ray and photon shower backgrounds.

« High-statistics auxiliary measurements of 1° and v, CC events to produce data-
driven v, estimates with constrained uncertainties.

 Use unfolded MiniBooNE-like excess to test hypothesis — Not a sterile model!
2.3 UNIVERSITY OF
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https://arxiv.org/abs/2110.13978
https://arxiv.org/abs/2110.14080
https://arxiv.org/abs/2110.14065

ctron-LEE Lepton Angle HBooNE _

leNpOm v, selection

3 Data ¥ Pred = 0.93  0.15 (sys) = 0.19 (stat) LEE (10.0 - .
25| 70 6.86 x10% PO
[ s - = wccuens) B e 0 Both the leptonic and
® 20 und (2. 60{ == cosmi o CC . ) .
£® CCQE 1elp - snmmicem e+ o hadronic kinematics
m $ Data(2s) m 50 . .
o 15| m
. 2 1eNpon : can be studied in
& g the LArTPC.
S| A =
= A Lid
I 20
30 § T 1.7 deficit in
9..:.%3-’/ g ///i////l/// ///*/// ////l//'/ // o == . - , , , : A0
So's| ’[ -1.00 =0.75 =0.50 —=0.25 0.00 0.25 050 0.75 1.00 d
208, Reconstructed Electron cosf medium e_nergy,
Electron Angle [rad] -g = AN TS s g Tt forward direction.
1e0p0n v, selection § 140E- e BB data, 368.0 . uncertainty
- - l__] Cosmic, 0.7 o | L.'K.T.J.?
251  MicroBooNE 6.86 x102° POT g 120 NC R in FV, 18.4 wCCHinFV, 142 -
- S:‘: ;:rutside TPC) ' :vg'::h n® i lDDE— N CC i BV, 1180 Pt 1 & e T I -
| = Cosmi 4+ BNED -
20 SMICS ata EOE— MicroBooNE 1 eX s . .
g— 60  FC, unconstrained : Wlthln
< 151 1e0pO0rmt 40F- _
i) £
£ expectation
w ] i i 1 I i -_.I i —]
5
| ‘§ 4:';"" Dhodmlnn:erlaimy Dmm-xmmﬂmemm elseWhere_
5 _ 3 sk {_
R T, ) S R T, ol
0. H: P + +++++%h""‘
-1.00 -0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.0 o 205 1

Reconstructed Electron cosé Recnnstructed Shower cos®@ 24



“0_Electron-

:> 45F Datalred—{l HEEL, U‘s}dal.a err ), {I4Lpred eir) ¥ 1e N pOT[ - '
3 Data POT: 6.3692 yPindf=17.86/25 ' MicroBooNE 6.86 x102¢ POT
E 40F : 3’{1]3[3“}?:. 333 g {E‘ﬁ“gmm 20 H —— canstrained pre-di:tion v with
= ok v,CC. 193 v, CC, 333.1 : ——- elEE model tx=1) v other
s ] SR ELRE Nodel (10,2710 — 0.014 2 : B Dirt (Qutside TPC) ve CC
: 305_ .2 ";;__— val ) = ' B Cosmics H + EBNB Data
- [ —— 1
£7F - = o 1] i il W : P, =0.194
Saf  _IE Lt 5 | :
8 - 1 = o — ' r :
20 1 : LELY H I 1
:1:-; E v -, - ; g E : E
2F g ‘}- : | E
10F : o | :
¥ "[' + H :
U_ —I—'_I_I_l P L o - 1} - ! - ; E -
0 500 1000 1500 ZUOU 2500 ! 500 1000 1530 2000
Reconstructed E, (MeV) ; Reconstructed £, [Me'u']
| leX - leOpOm |
Data {25) i MicroBooNE .66 x10%° POT
dataf2 pred = 0,86 + 0,06 (sys) = 0.19 {stat) '
#0:0 2 21 : _— :Ift:t:d D 17.5 H —— conslrained prefliction = Cosmics
i MicroBooNE 6.67 xlﬂ?n POT Background (3.2} E == @LEE muaodel (x =:]: v with @
' ELEE{x=1] = 15.0{ BN Dirt [Outside TFC) v. CC
el ——————— = Model {11.6) (] H v other ' # ENBData
v 15.0 <, Constrained = 155 ' H
1
;12 . UnZertalnthes g E : Pval - 0848
8 P,=0116 = E E
~~10.0 ) H
£ ki : :
w I b 1
273 E E
5.0 : :
:
2, 5{ H
1

0.0
200 400 500 800

Ey [MeV]

1000 1za

1500

1000
Recanstructed E, [MeV]

500 2000

uBooNP _

Some tension:

~ 800 MeV In
CCQE lelp
selection, and

~ 150 MeV (& at
forward angles) in

1e0pO01t selection
(bckg. dom.).

Deficit in 1eNpOTt
and lelp selections
at ~400-800 MeV.
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—ms electron-like LEE Results MBooN2_

All analyses observe v, event rates:

p— ® MicroBooNE Observed
i Nan- s iackgropnd - agree with or are below the
@ =fL vk NN predicted rates from 3-flav v osc,
E 20 _ :
5 — TomlwielFEX=1.0) || — gver full analysis energy range and
= - in the signal-enhanced low-energy
£ { region defined by each analysis
%‘ ) prior to unblinding,
g 0] T S | - (with the exception of the 1e0pOr,
8 { { which is background dominated).
£ 051
> ( Reject the hypothesis that simple

. charged current v, fully explains

lelp CCQE  1leNpOn 1e0pOn lex the MiniBooNE excess at >97% CL
[200 MeV,500 MeV] [150 MeV,650 MeV] [150 MeV,650 MeV] [0 MeV,600 MeV] K |n a" analyseS_ )
A3 UNIVERSITY OF
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https://arxiv.org/abs/2110.14054

roBooNE Next Steps

e

Overlapping ete™ Overlapping e*e™

\_ e b~ d

Ple” é‘"ft
Fx %,;
<Y
______ 4 fﬁ'ti-
p\ .
'1-;4"
Highly Asymmetric e*e™
£
Sk

<

Highly Asymmetric e
N

L4

S35
‘-t.
P\ \ '

)

L

_/

Credit: Mark R-L
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iIcroBooNE Next Steps

First series of results (1/2 the MicroBooNE data set)

Reco

Models

opology

1e0p 1elp 1eNp 1eX

e'e e'eX ) 1y0p |[1y1p

+ nothing

1yX

eV Sterile v Osc

vV v vV V

Mixed Osc + Sterile v

vV, V. vV, V.

v,

Sterile v Decay

%,14] %14] V{l&u] “{13,141

AN

[4,11,12,15]

Dark Sector & Z’

p\e

*

[23]

V[z,a] [2,3]

More complex higgs *

v |V

=)

Axion-like particle

*

(Ve

’y Res matter effects

(V4

A\

vi V.

SM v production

-

Overlapping e*e™

Overlapping ete™
o

Highly Asymmetric e*e™

28
5
% o2

".

Highly Asymmetric e e~

=%
"t

%

3 e

2

L3

J

Credit: Mark R-L

*Requires heavy sterile/other new particles also
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Powerful

FP=—= Short Baseline near-
detectors — more - detec_tor to
oo Neutrino Program ?;Sﬁﬂ‘;a”y
detector _
uncertainties can be flﬁteerrtr;?rtllt?es
cancelled.
450m. 85t 110m 112t on baseline-
600m, 476t o m, dependent

physics.

=2 &

SEND

Illlhilm
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Summary

 MicroBooNE has performed the first detailed study of the MiniBooNE excess.
* Photon-like:
- NCA - Ny explanation of LEE disfavoured at 94.8% CL.
* Electron-like:
- Results consistent with nominal v, rate expectations from BNB — no excess of v, events observed.
- Simple v, CC as full explanation of MiniBooNE LEE disfavoured at >97% CL.
 The LEE is real - and it is far more exciting than we thought!
e Stay tuned—more to come from MicroBooNE!
- Double the data statistics (all analyses reported here are still statistics-limited).
» Tests of additional LEE models:
- Improved analyses: different interpretations of MiniBooNE LEE with the same final states.
- Analyses targeting new final states topologies also well underway.
An upgraded short baseline program at FNAL is coming....

58 UNIVERSITY OF o
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utrino Interaction Modelling HBooNE _

' |, ST BT " Model ¥? «=icazm e MicroBoONE drove the
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Neutrino Cross Sections HBOONE _

¢ v, CCinclusive (v, + Ar—> e + X), NuMI beam!
a9 - ArXiv:2101.04228 (2021)

- ST — x10
= | —%— D - — . | e P .
';5: """"" GENIE v3. yfidof=128/12 ] ol 12§ & oata .« sy CCNp (VH + Ar —> | + Np,0m):
£ A Nuwm, Ca19512 1 | <R e - PRD 102, 112013 (2020)
g NEUT, y%idaf=25 612 1 3 == GEMIE w206 _
2;: o GIBUL, ' Mdof2%.5/12 1 = 10} = NI 19,021 « QE-like (Vu +Ar—>p + p):
= MicroBooNE + .E. g - PRL 125, 201803 (2020)
2 2} + + S 8 I - v, CCinclusive (v, + Ar—> p + X):
S f ++ 1 & 7771 - PRL 123, 131801 (2019)
L et ] 8 ! « Charged track multiplicities:
TR g ] G e e
o '_{;_5' .{.} e “' E 5 - Eur. Phys. J. C79, 248 (2019)
cost] o, | -« CCmo(v,+Ar—>p+TO0):
| ki
PRD 102, 112013 (2020) 3 A T—— -~ PRD 99, 091102R (2019)
' [Deta2A0TPOT, More coming inc.: NC elastic, CC 2p,

ArXiv:2101.04228 (2021)  transverse kinematics, NC m°, CC/NC m°,
CC 1+, CC coherent 11+, kaon and n production.
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Covariance Matrix Formalism

* To test the compatibility between our prediction m and the measured

data n, we construct a x2 test statistic using the covariance matrix
formalism: N
X =Y (ni—m;)C5' (nj —m;)

1,j=1

We construct the full systematic covariance matrix as a sum of
individual components, depending on the source of the systematic
uncertainty:

CSyst — CFlux - CXSec il CDetector o CMCstat

Systematic uncertainties are calculated by varying simulation
parameters within their uncertainties N times individually (*unisim”)
or simultaneously (“multisim”) either through reweighting events or
by re-running the simulation and then computing bin shifts with
respect to the central value simulation:

N
1 r
Cz'j — N E (nf — n?v) (’I’L;c — nJC\)

k=1
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Conditional Constraint nBooNE_

- All analyses: leverage v, and v, correlations:

- Common flux parentage.
— Lepton universality.

Vv, samples + high-statistics v, sidebands

correlated - shared sources of modelling
uncertainty - encoded in joint v -v, cov. matrix.

Conditional constraint formalism used to update
the central value v, prediction me and its

uncertainties given the measured v, data mv.
me conslrained = me + O (CW;)—I ('IE‘UJ _ mp,)
Cee constrained _ Cee _ Ce.p (Cp.p)—l Cp,e

« This reduces uncertainty in v, prediction by >

factor of 2-3.
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..'.m.P.'? qugl of the MiniIBooNE LEE

To simulate the MiniBooNE LEE in
MicroBooNE, we construct a simple model:

- Extract an energy-dependent event rate of v,

interactions by iterative unfolding of the
MiniBooNE event excess,

« considering only statistical uncertainties on the
MiniBooNE data and simulated events.

- Derive a scaling template from the increased
event rate relative to the MiniBooNE prediction
and then apply it to the simulated intrinsic v,

events in MicroBooNE.
- Define a signal strength x that scales the
normalization of this template, with x=1

corresponding to the median unfolded
MiniBooNE LEE.
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— Addressed by x2 goodness-of-fit test

115(0.500) a(0.003 | 27o) e WR.T Simple model of the MiniBooNE LEE

- Do we reject the constrained expectation in favour of
our median unfolded MiniBooNE LEE model? Or vice
versa?

» 2-hypothesis log-likelihood ratio test:

2 2 2
AXsimple =X |BLEEx=1_X |eLEEx:U

- If we adjust our constrained expectation upwards in a
manner similar to the MiniBooNE LEE by scaling our
simple model, is the agreement with the data better?
What signal strength is preferred by the data?

* Addressed by nested log-likelihood ratio test:

Axnebted X |eLEEx x'0™ Xmm|eLEEx x'mins Lmin 2 0
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WLEE Hadronic Energy
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The powerful LArTPC allows
us to measure interactions in
terms of Hadronic variables
— not possible at previous
LEE experiments.
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