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Neutrinos with beams around the world

Neutrino oscillation physics with “neutrino beams” entered the precision era with NOVA
and T2K - next generation experiments will be worldwide efforts comparable to collider
experiments

Nuclear theory

CERN

. KEK (JPARC) _community
FNAL beams sl o .
Platform O
- NOVA - R&D - T2HK 3
- DUNE (NINJA, ...) °
(SBND, MicroBoone, MINOS,
Minerva, ...)

... and many other experiments
and new facilities
(mentioned later)

Neutrino physics has a rich present and a bright future!
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v /v_appearance: o_,and MH

o, parametrizes different oscillations for vand v —» new fundamental source of CP
violation (and first in leptonic sector!)

Mass Hierachy : is the mass ordering the same for charged and neutral leptons? (- what is
the fundamental symmetry hidden behind neutrino oscillation)
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Extruded PVC cells filled with [ =
N O VA 10.2M liters of scintillator
instrumented with

wavelength-shifting fibre and
APDs

Far: 14 kT on the surface

NUMI beam at FNAL
“Near Detector: 300T

2\ underground
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NOVA: 6CP and MH
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ND280 near detector

K Side Muon Range Defector

UAT Magnet

Electromagnetic

Calorimeter (ECal) POD ECal - FU ” traCk| ng

T2K experiment

Super-Kamiokande and particle
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12K - T2K-"2" - T2HK

- Beam upgrade from 500kW to 750kW in 2022 for T2K - 1.3MW in HyperKamiokande era

— QT T T e e T T T = 1400 @) RF system upgrade e B ]
N>< - -] i 4
4 8—_ K . — o ] .. 1N o e NNV S— Y ]

— —— Hyper-K improved syst. (v./V, xsec. err. 2.0%) - z F @) Magnet PS upgrade ]

— 7; é 2. 1000 L2482 13scycle . \i ]

g = ] 2 @ 21 harmonic RF |
2 6 — = 3 800 [— ..Cﬁ?-‘.ltlﬁs.._.. \ A @ T3> TIE s Eyele]
S sk E = | — :
S SE ] E 600 | 8 R S }
o 4 - e 8 Mng;etaP_S) upg;ade:_ I
o :_.. e PR ..__.. | -4 i “‘ ZSeyca J
| g T2K-lI g D 400 e At 2R RS ]
@] : J 200 |
Q. 2F = _ |
S — ] e golig o B o i e & e e i o i o]
w 15 -] 801 6 2018 2020 2022 2024 2026 2028 2030
E...|..‘\...|..|..‘|...\...|...|.E JFY
D20 2022 2024 2026 2028 2030 2032 2034 2036 \ T2K H T2K-2 \ T2HK \

Hyper-K preliminary
True normal hierarchy (known)
sin’(@,;) = 0.0218 sin’(8,;) = 0.528 |Am3,| = 2.509E-3 &, =-/2

Year

- Seamless program of neutrino beam

- Hyperkamiokande: huge water

cherenkov detector on JPARC beam - T2K-"2" will push further the study of

systematics at % level with upgrade of near
- 190kTon fiducial mass (x8.4 SuperKamiokande)  detector ND280.

- PMTs with double sensitivity of SuperKamiokande - ND280 upgrade will be ported from T2K to

_. more than x20 SuperKamiokande beam HK: robust path to calibration/systematic
neutrino rate understanding from day 1 of HK

- enabling very fast CP-violation discovery



HyperKamiokande sensitivity
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DUNE

New wide-band neutrino beam at Fermilab: 1.2MW - 2.4MW

Sanford
Underground
Research

Facility oo

T T T I T T L] I T T T4
DUNE Simulation 3

—Vu _!u

Neutrino energy (GeV)

Neutrinos .5cp = -n/2
1285 km
Normal Ordering

1 2 3 4 5678
Neutrino Energy (GeV)

mmmmEmm—————
e

Fermilab

- Cover two oscillation
maxima - a lot of shape
iInformation to exploit for
precision physics on PMNS
paradigm

- To exploit full sensitivity a
shape analysis is needed
- nheed extremely good
resolution on neutrino
energy reconstruction
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DUNE technology

(Relatively) new technology to be deployed to unprecedented scale:
huge LAr TPCs with charge readout

-4 LAr TPC: 4 x 10kTon fiducial mass

Long-Baseline Neutrino Facility Wlth Staged apprOaCh

South Dakota Site Neutrinos from
Fermi National

/‘ Accelerator Laboratory
2 in lllinois

- Full reconstruction of final state particles
(~bubble chamber)

Ross Shaft
1.5 km to surface

Facility
and cryogenic
support systems outgoing particles

ArgoNeut (~250 kg LAr) ICARUS (~500 Ton LAr)

~

One of four
detector modules of the
Deep Underground

Neutrino Experiment
4850 Level of

Sanford Underground
Research Facility

ProtoDUNE-SP demonstrator (17.5 kTon LAr)
o - S Ry, -
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LAr
measurements

Proto-DUNE: Single-Phase
validation and tuning,
Double-Phase - Vertical Drift

N TN U8 OE PN P B

Not only R&D for technology but also measurements to control nuclear model in Argon
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DUNE sensitivity

Mass Ordering Sensitivity CP Violation Sensitivity
35 12
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- Very fast MH
determination at 50

20

- Precision physics:
prospects for 3_,, Am

resolution
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Importance of systematics

Q Precision physics will be dominated by systematics
- ~2000 of v_(v ) and ~10000 events v, (VM)
-~ first order systematic is the normalization of v_/v_for CPV and MH

— precision measurements require very good control of neutrino energy
spectrum shape

—= 1061171 e
£ [HKflux& — 18°5__ Shift ]
g 1,04/ beamline —— 4 MeV Removal Energy Shift |
Z B — 05%E Scale Shift - :
Sl [ YRR 1 Measurement of 0, <15deg and of Am? ~ 1% require
L e — 1 . .
§ —= L. 1 controlof energy scale (calibration + nuclear effects) <1%
: — 7
0.98} —'}: 1 -
P S SN R N TR SR RN SO SO N VAN ST SN NN T SRS N
L 0.2 04 0.6 0.8 1 1.2
E... (GeV)

Q Crucial role of present experiments (T2K - NOVA) to open the road to % systematics
and indicating analysis strategies and detector design enabling such precision

O Crucial role of near detectors

Without forgetting crucial ancillary measurements like EMPHATIC, ANNIE, o

electron-scattering at JLab...



Near detectors and nuclear theory

ND measures rate vs neutrino
energy before oscillation
- characterize flux and xsec
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= dE
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®'(E, )

Rip=[ ®"(E,)

do"
—I|dE
dE. |

P (E,)

\
~same flux at ND and FD

v

what we want to measure:

oscillation probability

Flux simulation and tuning
(NAG1/SHINE + MIPP)

Horns :
n ""._L
Target n
Decay volume
Target D -
ecay Pipe
\ Target Hall y Hp »
120 GeV
protons N —
Main Injector Horns 7zt \

10 m

%

cross-section must be extrapolated from
ND to FD:

- different neutrino energy distribution

- ND measure flux times xsec

Need nuclear theory models!

SK: Neutrino MOd’e’ Vu T2K Work in Progress
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Near detectors and nuclear theory

ND measures rate vs neutrino

energy before oscillation

- characterize flux and xsce

R)p=

v’ Y dO'V'
Ry,=|d (E,)—|dE
ND f ( V) dEV d A%
v vV’ d(j\/,
o (E,)P E  )——dE
( V) 0SC ( V) dEV d \

\
~same flux at ND and FD

what we want to measure:
oscillation probability

v-nucleus interaction
modeling and tuning

) b

v

» ; @
a3
[ o 0 9

Free Imtlal Nuclear
Nucleon State

Extra Nuclear
Effects

(and similarly for pion(s) production)

%

cross-section must be extrapolated from

ND to FD:
- different neutrino energy distribution

- ND measure flux times xsec
Need nuclear theory models!

o
../:1
“« ¢

[

o 9

Final State
Interactions (FSI)

- Nuclear theory

- External data (eg e-scattering)

- v-nucleus xsec measurements at
near detectors and dedicated
experiments (Minerva, ArgoNeuT, ..)

— fundamentally the name of the 17

game: precise Ev reconstruction



New generation of near detectors

* T2K is preparing an upgrade of ND280 to be installed in 2022 to cope with
increased statistics after beam upgrade and for HyperKamiokande

Horizontal TPCs to enlarge angular

acceptance

Scintillator with 3D track
reconstruction capabilities

o - lowthreshold on
| proton, pion momentum

-~ measurement of
neutrons with ToF

* Full exclusive reconstruction of final state for best
neutrino energy ‘reconstruction’ from outgoing
interaction particles

- for the first time neutron reconstruction event by event!

* Similar design also under consideration for

SAND DUNE near detector:
~ enabling to exploit complementarity of HK/DUNE beaffis
and comparisons/combinations for model tuning



Opening the road...

- Hadron-muon transverse
momentum unbalance for
‘direct’ measuring of nuclear
effects

(ND280)

- First usage of neutrons in
neutrino-nucleus scattering
(Minerva)

percent

10 107 Phys.Rev.D 98 (2018) 3, 032003 Phys.Rev.D 103 (2021) 11, 112009
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New approach

to near to far extrapolation

Extract Ev dependence from off-axis angle

HyperKamiokande Intermediate
Water Cherencov Detector (IWCD)

20



New approach
to near to far extrapolation

Extract Ev dependence from off-axis angle

DUNE LAr and GAr TPCs as movable near detectors: DUNE-Prism

i,
é':? On axis
Qaﬂ 1 2z
ﬂ/\
& .
5 —— Neutrino
& beam
f -

Far off axis

1 F 3 r} :30m
Neutrino Energy (GeV)

=
&
w
I~
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New approach
to near to far extrapolation

Extract Ev dependence from off-axis angle

Beam Monitor ND-GAr ND-LAr
(SAND)

- Nuclear-level systematics becomes ‘second order’
- quantification on-going (acceptance, finite statistics, ...)

- Need to control well flux systematic uncertainties vs angle and flux stability vs time
(DUNE SAND, T2(H)K INGRID)

- Movable ND are also extremely useful measurement for v_cross-section
(first order systematics for CPV and MH) since v_/ v _change vs angle 22



BSM surpises?

Steriles

MINOS/MINOS+/reactors

results
10°

99% C.L. Allowed
CJLSND

— MiniBooNE (2018)
[C]Dentler et al. (2018)

[C]Gariazzo et al. (2019)
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BSM surpises?

Steriles (of many different types) — inventive ways of use near detectors

- DUNE tau Vt 001 Sensitivity depending on energy shape
gg{)eec?{)argce at near o | Excluded at 20 uncerta|nty
\Q. ———- No shape error 5% shape error
\\‘.
= ‘\\\ O o ] b ass 2% shape error 10% shape error
< 0.008 “b""‘---.-u ...........
0.006 TS ——
0.004
o.002f  Neutrino Autinentrino | High energy
mode mode mode Phys. Rev. D 100, 052006 (2019)
- HNL from K decays 5 | 6 2 10 Phys. Rev. D 101, 052001
in the beam Aty L J
: U
Kt - ttN - ND280: decay of N = .
r"—"—‘—-—
o in TPC | :
P T dumy N gas voilume 2 e
e s =
. (~no background) E o
target =
station ~ decay n N—E_.\
pipe . =
Kaon decay in 10°18 v v . T
BNB target or }f . 0.0 0.1 0.2 0.3 0.4
decay vohz\lge“ P - M ICI‘OBOON E: HNL mass [GeV]
Qs s SIN  —— NA62 —— NuTeV
(O
WE e delayed N decays PIENU —— PS191 ++++ MicroBooNE [Dir.]
K - \U\l‘\\ travels — KEK — T2K m— MicroBooNE [Ma_]‘]
ey

- . —— ED49
HNL decay inside MicroBooNE




BSM surpises?

Non Standard Interactions: a door to new physics. (And more: CPT-violation, ...)

Need to able to disentangle from “standard” oscillation effects

Eg: new sources
of CP-violation in
NSI from
non-diagonal
terms in matter
potential

Original e, = 0 Oy = /2

Curve (varnes d3)

moving to
different
(L/E

x =-0.20

- complementarity of DUNE and HK: different baselines, different energy
(atmospherics vs beam)

- should be investigated more even in the framework of control of
systematic uncertainties in “standard” oscillation measurements!

‘8T0C dNVdID

[yd-day] 82TTT 608T:Uld
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New Ideas

and new facilities

Improved beams for more
precise control of neutrino flux

- EVBET: instrumented decay tunnel
for precise (1%) measurement of v_

from K decays

- vSTORM: muon storage ring giving

very well known v_and v, fluxes
(R&D toward Neutrino Factories)

- ESSvSuperBeam: 2" oscillation + HIFI
(demonstrator for low energy vSTORM)
Next-to-next generation detectors:

- THEIA: water based (doped) optical detector for comprehensive
neutrino program (scintillation + Cherenkov)

"

Neutrinos at LHC: FASER

in forward region after
defocusing charged particles —
Ev~TeV

~20m 40m long decay tunnel

~50% of K* dec

n the Hadron dump

-

Chap W

to proton dump
40m

P =
‘u+ —5 eF Vel
Target H v iR Vel
n
K\ < | y o
> P Detector
H Ve Vi

o

*;;ésm

=

m
: LATVIJ

LITHUAN I
\ |

"""""""""""" charged particles Ep'c}'Té{:i”m”””\J:(:{u}&\”m g'?'
IEI: " forward jets ’é}'
L e —— - o B A
LHC magnets f-mfmck'-‘{
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Summary Natire o

* Oscillation measurements made the cover of Nature in April 2020 it .
with a statistically limited measurement: join us for interesting

physics ahead! THE MIRROR
* Neutrino oscillation physics with “neutrino beams” entering the e
precision era with NOVA and T2K - next generation experiments
are worldwide efforts comparable to collider experiments

* Next generation of experiments (DUNE, HK) relies on control of systematics at % level
- crucial role of near detectors: a new generation coming

- T2K and NOVA are opening to road to exercise new near detectors, new analyses
techniques, ...

- ... long term work in collaboration with nuclear theory community

- Important R&D involved (CERN Neutrino Platform)

* A vibrant community ready to react to the ‘unexpected’: new systematics and/or
BSM signs — inventive in the usage of near detectors and in the exploration

of complementarity between HK and DUNE 57
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Why?

+ Similarly, to the discovery of Fermi scale with nuclear 3-decays, we are now on a
fishing expedition to the next energy scale of the (hecessary!) New Physics:

-

> --> ne
> --%» |lepton flavor

» -» quark flavor

—» - -==3» dark matter
—_— | HC

—> Tevatron

102 10* [0¢ 108 109 10'2 10'* |0'¢ Q'8
experimental reach [GeV]
(with significant simplifying assumptions)

deay

H.Murayama @
Higgs workshop 2013
(arXiv:1401.0966)

Unified

w
2
=
o]
48]
=
=

Neutrino oscillation are sensitive to very tiny effects similarly to mterferometry
Unique tool to study very high energy scale (today A~10*%GeV)

+ Search of CP violation in the leptonic sector (related with SRR D AN
: : : T2K results made the.
matter/antimatter asymmetry in the Universe) April 2020

Independently on model: a new fundamental source of CP violation! BENEUSERe g

— Major next discovery of HEP

THEMIRROR
CRACKD

+ What is the New Symmetry hidden behind the mass
and flavour mixing?




Neutrinos as door to New Physics

1
= Expansion of Lagrangian in terms of NP energy scale (L,)): £ = Lqyy + —L5 +

Apv
Lqy SM as effective theory valid until UV cutoff

1 o2 . The only 5™ order operator possible

Ly = —v. &GeVN 10 %eV according to fundamental

Ayy Ayv 10" symmetries: neutrino (Majoranal)
mass is the first order effect of NP

- New type of fundamental particle

— Discovery of lepton number violation (accidental conservation in SM: no
symmetry supporting it)
— Naturally emerging in leptogenesis scenarios to create matter/antimatter asymmetry
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Neutrinos as door to New Physics

1
= Expansion of Lagrangian in terms of NP energy scale (L, ): £ = Lqyy + —L5 +

Aoy
Lqy SM as effective theory valid until UV cutoff ot
1 02 ) The only 5™ order operator possible
P e £ &GeVN 10 %eV according to fundamental
Ayy Apv 10" symmetries: neutrino (Majoranal)
mass is the first order effect of NP

- New type of fundamental particle

- Discovery of lepton number violation (accidental conservation in SM: no symmetry
supporting it)

— Naturally emerging in leptogenesis scenarios to create matter/antimatter asymmetry

m Peculiar nature of n and being in direct contact Va s
with L : natural to expect new type of '

interactions for neutrinos: Non Standard
Interactions

31



V_, V_Cross-section
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ND280 measurement — improvement with ND280 upgrade \
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=
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R ——
(=] " [=]

JHEP 10 (2020) 114
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Distance from Target Center in Y axis (mm)

- Movable ND are also extremely useful measurement for v_cross-section
(first order systematics for CPV and MH) since v_/ v, change vs angle

32



Neutrino energy reconstruction

T2K approach: evaluate neutrino energy from muon kinematics

B . ) D) 103
my, — (Mp — Ep)* —my +2(my — Ep)E, & T T T T B

700 —f

Charged Current

|_
uasi-Elastic v= 2 - 2 f
Q _(?”,” - Eh - F:r” + [)F(,().S 9’-;) N 600 } i {
Not observable at = 0d E
SuperKamlokande . . N~ F ]
Encalculated from muon only kinematics is ol 400 = 3
‘ | a perfect estimator for elastic scatteringon 2 a0 = -
() E 3
’ a free nucleon at rest T 200 | 3
CED 100§— —;
908 —06—0|4—02 —O(IJHO\2H‘04”0.6H‘07.8

(Erec_ Etrue)/Etrue
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Neutrino energy reconstruction

T2K approach: evaluate neutrino energy from muon kinematics

— 5 T . (25000 [y ; . ! !
- my, — (my — Ep)” —my, + 2(my, — Ey)E), 92 :
) Y 2(my — By — E, + p,cos§,) g0 g
¢ . . . — C
TN ° The motion of nucleons inside the 45000 - E
@ o nucleus (Fermi momentum) induces a D000 - E
¢ smearing on E ' [
’ ol _ c"';sooo - .
- The energy lost in the nucleus (needed to s | |
extract the nucleon from its shell) induces e e R P R T e i
a bias on E*° (Er*e-ETve) e

34



Neutrino energy reconstruction

T2K approach: evaluate neutrino energy from muon kinematics

- 'm.."j—(_n'z”_—Eb)"’—rrz"1+2(m.”—Eg))E“ e
o 9 ® ' E,_, — ‘ . : 5 B
- ‘C/@ -.A ‘7“50 2(?”,'-‘ o Eh - F:,U + I);,(f()s 9"!) o 0000 — —
I F *“ 4 . . R
+ ¢ + J\ Erec is not a good estimator of true Enfor ey
[ & e © [ & 0 © . . L
e -CCQE events: 9
, é non-CCQ
Nuclear Final State %0000 — -
correlations Interactions (FSI) 2 p 2 h Lﬁ
5000 - -
Pion pr S L
pOdUCEd = = e S R e -
and reabsorbed 08 06 04 02 00 02 04 06 08

(ELeC_ Etvrue)/ELrue

Present strategy: use inclusive measurements (muon only) at ND280 to constrain
such effects

I

do’
dTV:F(pM’COS GM;OLND:OLmodel)

!

Ry (E,)=®"(E,)

nuisances = parametrization
of (detector systematics), flux
Reconstruction of energy at the far detect and nuclear physics

uncertainties
EV—R(pM)COSGM;O(FD)OLmodel) 35



DUNE osclillation analysis

) (1/GeV)

cal
v

D(E

Require very precise shape analysis of oscillated and unoscillated energy spectrum of
neutrinos

- crucial to have good resolution on energy at near and far detector,
especially for neutrinos and antineutrinos (v/v at core of 3CP measurement)

J. Phys. G: Nucl. Part. Phys. 44 (2017) 054001
I -‘JU T T T | T T T | T T | T T T

- Impact of missing energy on DUNE-like

True En = calorimetric energy reconstruction

2.5 GeV o
- Large contribution from nuclear effects

(neutrons!) and entangled with detector
calibration

- Neutrons can bias v/v Ev reconstruction since
different neutron rate for v/v interactions

%]
e

E;* (GeV) 36



Isolating v-H Interactions

Measurement of neutrons from CH interactions inside the target of the main neutrino
interactions

Phys.Rev.D 101 (2020) 9, 092003
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Subtractions analysis in C and CH with neutrino interactions on passive targets —
neutron measurement in external electromagnetic calorimeter
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DUNE: beam

New wide-band neutrino beam at Fermilab: 1.2MW - 2.4MW

Comparison with T2K flux

—_—
o
—
—
TTT

L] 1 T I 1 T 1 I 1 1 T =
DUNE Simulation 1

—Vu =Vu

Neutrino energy (GeV)

Largest contribution

-
@)
& —
~ 10" S 10° E
o & E
X = 10°f 3
— 10%F % ]
AT 2 10° -
= i X ]
O gl = . |
Q 10 E— : ‘:3 ID- ....................................................................................................................... _E
C\IE - . B .
= I S ] E O oo g T .
_{2 1075-' Ll ! e N I §
0 2 4 6 8 10 0 Dol b oo BTG Lovss

Neutrino Mode Flux at SK

v I Y

from single and multiple Dominated by
pion production W 'simple’ Quasi-
- less known region - Elastic
in terms of nuclear interactions
physics modeling N NE

N 38

Crucial role of near detectors !



DUNE: far detectors

(Relatively) new technology to be deployed to unprecedented scale:

huge LAr TPCs with charge readout

Long-Baseline Neutrino Facility

South Dakota Site Neutrinos from

Fermi National

in lllinois

Ross Shaft
1.5 km to surface

One of four

4850 Level of
Sanford Underground
Research Facility

NOvA Preliminary

Accelerator Laboratory

Facility
and cryogenic
support systems

detector modules of the
Deep Underground
Neutrino Experiment

NOvVA Preliminary

Detector Calibration —;L _ _J
- i — \ . No ‘p[‘ Extrap.
eutron Uncertainty I I )
- : I et _—. |pt| Extrap.
Neutrino Cross Sections l :
Near-Far Uncor. - .
Detector Response . -
Lepton Reconstruction . _
Beam Flux I .
Total Syst. Unc. ] ]
-0.04 0.00 0.04 -0.06 0.00 0.06

Uncertainty in sin°0,,

Uncertainty in A m2, ( x10° eV?)

-4 LAr TPC: 4 x 10kTon fiducial mass.
Staged approach (from 2029 to 2035)

- Full reconstruction of final state particles
(~bubble chamber)

MBOONES

MHuUMTY DATA: RUN 18811, EVENT 2S545. APRIL @, ZFai7

Except neutrons!

- Argon target: 'heavy' target with complex
nuclear effects
(eg nuclear transparency to protons 50%)

Crucial to measure new beam at “new”
energy with known/”easy” nucleus (£)



SAND design: baseline

from KLOE

"\

80.157[2036] ——

TPC

SDST .. : — _\\gffﬂmmlzm]

[
---------

The ND280 upgrade design adapted to KLOE magnet+calorimeter:

- 3DST = 3D scintillator target composed of cubes with optical readout
fibers (as superFGD)

- 3TPCs all around the 3SDT (top, bottom, downstream)
based on resistive Micromegas technology




SAND design: alternative option

Neutrino
beam

Fe yoke
m StrawTubes alternating with passive targets:

- possibility to change nuclear targets to study nuclear effects (eg C, Fe,...)

- possibility to compare C and C_H, targets to extract eventson H -
measurement of flux with smaller nuclear effects
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Mass hierachy
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Impact of o_, on v_, v_ samples
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Number of Events

Impact of o_, on v_, v_ samples
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HK sensitivity vs time (systematics)
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Single phase vs double phase

top and endwall
field cage

Sigral FT chimreys with
DAQ crates Field cage suspersion

chimneys

bottom field cage

Figure 1.7: A 10kt DUNE FD SP module, showing the alternating 58.2m long (into the page), 12.0m
high anode (A) and cathode (C) planes, as well as the field cage (FC) that surrounds the drift regions
between the anode and cathode planes. On the right-hand cathode plane, the foremost portion of the
FC is shown in its undeployed (folded) state.
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From double-phase to vertical-drift

Problems of stability due to irregular gas/liquid interface (bubble/waves) + coupling

of grid-LEM can cause dangerous sparks BrotoDUNE.DP | BNO-DEMO
soxsoem? B (e 0 0 ¢ roto -DP (ex - )

a9 . | 6X6X6m3 _for charges

tabl ration of large area readout
stable ope .- of large eadouts ._‘l 1x1x3 m?
A ] -membrane tank technology
, /4 ! -gain experience for the 6x6x6 m?3

Field cage



ND280 Upgrade
Improvements

- Improvement of angular coverage for
charged particles

- Improved TPC spatial resolution —
improved momentum resolution
(10% in previous TPCs)

ND280 vertical TPCs
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Higgs Portal scalars

MicroBooNE|

Run 1, NuMI FHC 0.92:10% POT Angu]ar variable (One of
[ Oft-beam data [ Dirt v simulation themost important for BDT);
@ Cosmic [ Cryo. v simulation . 5 .
—+ On-beam data Simulation is well modelled
with respect to the data

Counts 0.1

» Searching for e*e” pairs from the decay of a
<200 MeV scalar boson
« Using a BDT-based analysis

l——— Neutrino simulation (GENIE)

uBooNE

opolo _ Data-driven cosmic background
ﬂ 3 _ 500|

SIMULATION 150 MeV/c? scalar decay

objects, with large
opening angle

10* MicroBooNE|
Run 3, NuMI RHC 1.01:10" POT]|

Counts /1
E

typical neutrino direction

[ ofi-beam data [ Dirt v simulation
@ Cosmic [ Cryo. v simulation
—+ On-beam data — 150 Me\V/c? signal

187 MeV e*

(obe-pradipred
bbb gooo
X R )

BDT distribution,
well modelled with
background-only
expectation

NuMI beam dump

arXiv: 2106.00568
* reinterpretation S-HEP 2021 28 July 2021

1072

o
o
8 A central value
=]
&0
i - We observe 5 events in signal region, with
o 2.0+0.8 expected
: 1073
E - Can exclude model central value parameters
:%0 .................... required to explain KOTO anomaly
=10 . .
g - This was with 10% of our NuMI dataset; further
é search results to come!
) I I I PN PN P RN PR B d P AL Ay LA R AS A LRAIA Uik

0 20 40 60 80 100 120 140 160 180 200
Scalar mass mg (MeV/c?)

Pawel Guzowski - EPS-HEP 202




Dark prospects

e Further BSM models e G G
being explored with e*e-
final states

« Dark neutrino portal,
with dark Z’ decay

e COU.ld eXplaln Bertuzzo et af, PRL 121, 241801 (2018) Reconstructed Shower Angle [Cosine 8]

MiniBooNE: if ete" —_—
| de Gouvéa et al, JHEP o1, 001 (2019) |10 *

resolved as single shower r

8

E -

- == This Model
T M,=1.25GeV, M_=0.140 GeV
| == 3 N

Excess Events
&

___ Sterile Neutrino Oscillation
sin“26 = 0.894, A ¥ = 0.04 eV*

Better fit to MiniBooNE

2
1

w
=]
T T

ap = 1-_ .'1'1'-”;;1.{__1.’ =2

10~

« Dark matter produced
in beamline; inelastic
scattering off argon

— MicroBooNE has d
i e i target etector ( . -
excellent sensitivity il M GV |

4
" MicroBooNE
10-event
sensitivity

MANCHESIER  p BooNP _ Pawel Guzowski - EPS-HEP 2021 28 July 2021
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