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elerator Neutrino Experiments

e |ntroduction.

* LBL Neutrino Program * SBL Neutrino Program
- DUNE - MicroBooNE
- Hyper K - SBN
- NOVA - SBND
- 12K - JSNS?
" @the LHC | see + Further Future: NUSTORM
- FASER |y.o
McFayden’s e Qutlook
- SND talk tomorrow
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Neutrinos

Ve [Pa Ve Yali) L g lightest 2" most abundant particle
yz, = UeZ U,uZ UTZ VZ . .
) T, W T, * Three known active neutral flavours, each
corresponding to a charged lepton flavour.
V) =U )+ U|v) +U v Interact via weak force: NC (via Z° exchange),

CC (via Wt exchange).
 They have mass and “oscillate”:
— Produced in flavour states Ve, travel in mass states vi.z.s.
- Flavour changes as a function of energy and distance travelled.

* Neutrino experiments are responsible for 10% of the physics papers
published by HEP experiments in the last CG round and 3 of the top
10 most cited are neutrino papers.
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et e —s12 ¢12 O
Vv Vv ;
i # i w i 0 —sy3 c23 —3138_15 0 C13 0 0 1
PMNS Matrix

S Mat Atmos. + Accel. React. + Accel. Solar + Reactor.

cij = Cos 6;, s = Sin 6;

* Oscillation described by 3 mixing angles, 2 Mass splittings & 1 phase.
* For two neutrino oscillation in a vacuum: (approx valid in many cases)

Can be same flavour
(disappearance) or

different (appearance)

Pz ) i LAV )

Just handles Controls frequency defines
the units, experimental parameters
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Normal Ordering (best fit) Inverted Ordering (Ax? = 2.3)
bfp £1o 30 range bfp £1o 30 range
. sin” 012 uenr Ty 0.275 — 0.344 1 (0 0.275 — 0.344
S | 612/° 33,6611 31.60 — 35.94 B6T 31.61 — 35.94
o
g sin? 623 05T 0.407 — 0.620 0,578 2" 0.412 — 0.623
% | 023/° o Ko 39.6 — 51.9 4G5t 39.9 — 52.1
g
= | sin? 613 0.02203+ 0000 (1.02029 —» 002301 | 0.022107 22900  (0.02047 —» 0.02396
2 | o 8547 8.19 — 8.89 B aa 8.23 — 8.90
=
2 | dcp/° o 108 — 404 286127 192 — 360
= 2
i W 6.81 — 8.03 N 6.81 — 8.03
10-5 V2 41 _0.20 ol — o, 410,20 01 = o.
Am%e +0.027 +0.032
m +2.511 L0027 +2.428 — +2.597 —2.498_0_024 —2.581 — —2.409
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rinos: What we Wish we Knew

Do neutrinos violate CP? &P £ 0.

How are neutrino masses ordered?

What is the origin of neutrino mass?

Are there undiscovered neutrinos?

Octant of 623 — max?

More precise measurements & X sections.
Their own anti-particle?

What is the absolute neutrino mass?



Baseline Neutrino Experiments

PNUPER
K

T2

N~ e

Multiple experiments, utilising different
technologies and teams, with different
experimental constraints (L/E etc) are vital
to successful measurements.
- Different energies and baselines can resolve
the degeneracies between mass hierarchy &
dcp and/or the octant of 823 & Ocp.
- Important to study possible systematics g, 0
correlations between them. ‘ e

- Just like at the LHC. v | @

The UK are highly visible across almost
all LBL Accelerator Neutrino Experiments.

Clear benefit/impact for UK.
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T2K T2K\

upgrade, detector HW, calibration, analysis, fitting, cross-sections,
SW, computing and DAQ.
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T2K-UK/Super-K-UK Recent
Highlights and Future Plans J_ij\

* Major upgrades to proton & neutrino beams (recently reached 800kW 1st time).

¥ high-power beam targetry; proton beam modelling (final focus section); optical transition radiation
IS beam monitor.

 New ND280 Upgrade Detectors installed.

¥ SuperFGD R&D and construction; DAQ and software integration for new detectors; detector
~INS calibration algorithms and implementation.

* New analyses within T2K and jointly with other experiments.

¥ T2K oscillation analyses for 2024 and cross-section measurements with near detector;
IS T2K+NOVA joint analysis; T2K+Super-K (beam + atmospheric) joint analysis.

» Super-K Gd neutrino tagging entering physics analyses.
% UK leadership in detector calibration.
 T2K to continue as Hyper-K starts; sharing/transitioning of responsibilities in negotiation.
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= T2K - NOVA

T2K — sensitive to dcp NOt to mass order;
SK — good constraint on mass order not dce.

T2K — measurements isolate impact of CP;
NOVA — more sensitivity to mass ordering.

“assuming IO is true”
NOVA only: Phys. Rev. D106, 032004 (2022) R s

ArX|V 2405 12488 T2K only: Eur. Phys. J. C83, 782 (2023)
0.7 — . - )
P IO L S T T = - B NOVA+T2K IﬁO Conditional £ 10 Conditional ﬁ
Z E Prior uniform in 8 3 — Data=-3.39 W NOVA Onl Bayesian Cred. Int. -4 Bayesian Cred. Int. -3
3 200} —— Prior uniform in sind., 1 = r ] True NO r Ve Y With reactor constraint| — i strai =
S 8ok ; #Mdce I D 1o ey = Truelo | L — T2K Only é : oS With reactor constraint >
|, Gk 2‘; ER: Iy Jﬁﬁ L PINO)=0.58 0.6 = s — '
2 S B 2 h 1 P(I0)=0.08 - E = —a
a 140:_ .............. 3o 4 s L_I 1 = [N IT,J
120 4310 T L 1 &£ B a &
100 R 1 g 05 = 1
80F- A4 33 Ir 0, L
E 5 i = u |- = =
il 3 | g i kS g i =3 =3
3 E | I = =]
20F i 4= 04— o 2 = - =
0 ! R Hl— =y 1 g4 NS B < E ! I 1 e
S S T S N NS SN ST N NN S S S S N S i R SO SR TN TN TN SN NN NN NN SN SN TN ST SIS S NN S SN T |
=004 -0.02 0.00 0.02 0.94 =20 =10 0 10 2( e —z 0 T = b 3 0 T T
Jep = 51361512€12501€5,51MB X*(NO) = x*(10) 2 5 2 2 S 2
CP Ccp

* CP conserving value of Jarlskog invariant  « vijeld strong constraint on Am?s;

excluded at ~20.

o * Weakly prefer 10 or NO depending on
* Normal Ordering is preferred. which reactor constraint is applied.

* (Both individually prefer NO and dcp~-11/2. i :
T2K prefer upper octant — SK prefer lower.) Favour CP violation in IO (CPC outside

30 intervals).
Mach3 used for all )
joint analyses % Maelissa Uchida Accelerator Neutrinos PPAP 2024 10




NOVA

== 3 UK institutions, >10 UK members. AO~vA
=F=| eadership in analysis, IB chair, beam, reconstruction SW.
==UK ~ 10% of NOVA authors while holding 22% convenorship positions.

Far detector: 30 sehematic of

Fermilab Active scintillator calorlmeters-l\ Ash River, MN R e

I

N 1 mass ordering
1. Make a beam 2.Select v, and ve candidates 3. Interpret E, distributions * | =
of v, at both detectors S ALt "" s
i hecet o -
-n" E| RENO  nGd P N SR
__-l||! & go m_:-: i}n_\' “:E
E: RENC ul - J\ : 2_[ \“’ .
>900kW v g — -
Just approved — 1 MW et | GI8 precision on Am2s; (1.5%).
Most precisely known PMNS param
B UNIVERSITY OF [Mostp y paramj
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JVA — Recent Highligr e OQUTIOOK @

First new NOVA neutrino oscillation measurement since 2020: NANO~A

Doubled neutrino-mode dataset with 10 years of neutrino & antineutrino data.

Updated simulation, including improved light response model and neutron propagation uncertainty.
New low-energy v. candidate sample.

Most precise single-experiment measurement of Am2s; (1.5%).

Data favours region where matter, CP violation effects are degenerate.

e Strong synergy with reactor measurements:
— Constraint on 613 enhances Upper Octant preference (69% odds).

- Constraint on Am?s; enhances Normal Ordering preference (87% odds).
e Compelling future prospects from NovA:

— Goal: doubling of antineutrino data before 2027 — crucial to clarify MO/CPV.
— Test beam constraints on energy scales expected in near term.

BSM oscillations, v interactions, atmospheric and astrophysics, non-beam BSM...
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DUNE

== 19 UK institutions and >170 UK members.
== The UK is the largest contributor to DUNE after the host country, the US.

== UK Leadership in: APA HW, DAQ, proton target and RF cavities for LBNF 1.2 MW,
Pandora reconstruction, Near Detector, PhyS|cs Calibration, ProtoDUNE and DUNE
Phase Il FD and ND, as well as several senior leadership and ex-spokes.

Sanford Underground
Research Facility

Fermilab

,,,,,

| Fqu at ND

—_ DUNE (1. 2 MWJ
— MINERvA

—— NOvA

— BNB (SBND) ]

(]
U

A
U

v fem?/GeViyear (x 10'%)

= Cathode
Bottom CRPs SAND

,

—

g
o

-
L+

6 _8_ 1]
E, (GeV)

Fleld cage
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DUNE Physics

g0l bunesmizin - —ween | ¢ FOF best-case oscillation scenarios, DUNE has:
5 ms umm—— . o
g oot i — >bo mass ordering sensitivity in 1 year.
oo i - >30 CPV sensitivity in 3.5 years.
5
é 25:— = _—

1200 1 2 Ye:;rs 4 5 6
O oaNE Saion | v
e '
é 7'55_6@:—11!2 o

s PFyr. Phys. J. C 80, 978 (2020)

3 UNIVERSITY OF . . ,
S C AM BRI DGE Melissa Uchida Accelerator Neutrinos PPAP 2024 14




Mass Ordering Sensitivity (0)
[=)]
(=]

45
4.0
3.5

2.0
1.5

Violation Sensitivity (o)

(@]

30F-
25F

o 10F
05F

O o L, Prys. J. C 80, 978 (2020)

i (Ve

[ All Systematics
[ Normal Ordering
100% of &¢p values

—I T T 1 '| T T 1 T I L T T [ T 1
- DUNE Simulation

e | * FOr best-case oscillation scenarios, DUNE has:
1 - >50 mass ordering sensitivity in 1 year.

- >30 CPV sensitivity in 3.5 years.
* For worst-case oscillation scenarios, DUNE has

===,  >50 mass ordering sensitivity in 3 years.

Years

E— All Systematics
F  Normal Ordering
E 75% of 6¢p values

| RN RS LR

Tpune Smumen T aeted * Inlong term, DUNE can establish CPV over

1 75% of dcp values at >30.

i FET AT P

Arrows Iindicate assumed staging scenario.
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- -
e e e o Broad range of L/E at ND and FD - search

’ i for non-SM oscillations.

NE St “ | * High statistics neutrino and antineutrino o e
02— b8 o) eriles ] . . 10 3
T . A/ measurements - search for CPT violation. <k ﬁ

g Very_lz_irge matter effect - uniquely HH :
8 sensitive to some NSI. L
(7 - . deplEmes || oo,
St nst 3|« FD will observe atmospheric, solar, and e
1057076303 supernova neutrinos.
el . Proton decay. oy Solar Neurinos ...
"1 = Excellent sensitivity to 8B solar neutrinos ;;Zﬁi?
- above ~10 MeV, and discovery sensitivity to \
the hep solar flux (despite a large neutron - ouRE Pre“mm_ary
background at low E).
UNIVERSITY OF
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Near Detector (ND]

Far Detector (FD)

N P=

ralns Phase I

* FD: 2 x 17 kt LArTPC modules

* ND: ND-LAr+TMS (with
PRISM) + SAND

* Beam: 1.2 MW beam line
(PIP-1I)

»(VD & HD

E2  Phasenn

* FD: 2 additional modules
(total: 4 x 17 kt LAr-equivalent)

* MCND: ND-LAr+ND-GAr
(with PRISM) + SAND

* Beam: > 2 MW beam line

ACE

* PIP-Il Project replaces Linac
» Modernization/upgrades of complex

« Reliability upgrades
= Main Injector capabilities (cycle time)

= Target Systems capability improvements

ACE-MIRT

Main Injector
Ramp & Targetry

S

ND configuration | ND-LAr, TMS, SAND | ND-LAr, ND-GAr, SAND

(ACE Upgrades)
Parameter Phase-1 Phase-I1 \ Impact
FD mass 20 kt fiducial 40 kt fiducial FD statistics
Beam power up to 1.2 MW >2 MW FD statistics

Systematics

*Non-Argon options currently under consideration for Phase-II near and far detectors not shown

 Booster replacement

* New physics capabilities

The LBNF facilities at both the

near and far sites support Phase-II

beam and detectors from the
beginning (part of Phase-I scope)

— simplifying Phase-II
implementation

ignitcan
0

UNIVERSITY OF
CAMBRIDGE
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Transport to A Coruna harbour: April

12 MINERVA 2x2 Cryostat 32 MINERvA
Modules and 4 TPCs Modules

be installed 25-26.

- FD installation in 2026-27.

— Purge and fill with argon in 2028.

— Physics in 28-29. Beam physics with ND 2031.

= ND-LAr 2x2 prototype: DUNE’s 1st detector in a v beam.
— Pandora NDLAr 2x2 (native 3D SW).

— Support build, calibration, operations.

Recent signing of Construction MOU, RRB (resource rev.
board) approval & P5.

=}= UK projects PIP-Il and Target funded to completion and
largely on schedule.

== The DUNE-UK projects: APA, Recon. & Computing
approved and DAQ in progress.

UNIVERSITY OF
% CAMBRIDGE
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NE and CERN Neutrino Platform (V=

The CERN Neutrino Platform is CERN’s undertaking in neutrino physics at
particle accelerators worldwide, as recommended by the 2013 European Strategy
for Particle Physics. Including Icarus, Baby MIND and ProtoDUNE.

N
==p=t ProtoDUNE

l * Successful prototype of horizontal drift at
CERN Neutrino Platform in 2018
(ProtoDUNE-SP).

D”E:P”’“’””E‘SPIR”” TR, w0y ¢ ProtoDUNE-HD completed filling 30th April,

5000 75 2 running since May, with beam from
- >0 £ 20" June.
4500 25 O
stopping oo & ¢ LArwill be transferred to ProtoDUNE-VD in
000 B s5  October for running starting in early 2025.

Wire Number

-l UNIVERSITY OF _ . .
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DUNE The Future (Ve

* All Phase-Il elements are essential to realise DUNE'’s full AR|ADNE 1-tonf
physics potential, as strongly endorsed by P5 and ESPP. LESLQEEIR00

 Significant progress towards defining a baseline for
Phase-Il FD & ND.

mlm Detector requirements and concepts are being developed.

IS Key R&D goals have been identified, prototyping plans 00 |
underway. e R

- FD Module 3 and Module 4 (Module of Opportunlt) o
== Module 4 — ARIADNE and SoLAR [ s
= NDGAr

S —
* Pixel readout Qpix and SAMPA ASIC. m

=F= A DUNE Phase-Il White Paper nearing
completion,will be made public soon.

* FD3 cryostat installation could start in 2029, with FD3

filling in 2034, ND-GAr and FD4 would follow after that.

. ‘ %XIRI/IE&{IS{IIT]‘)Y(?E Melissa Uchida Accelerator Neutrinos.PPﬁ‘lJ ﬁi}lase'l | elements ai& €

phvsics potential. as stronc




= Hyper-K

g 9 UK Institutes and > 90 UK members.

UK leadership in DAQ, Calibration, Analysis, Computing, Outer Detector, Beam components, International
Spokesperson and several committee leads I.e. Speakers” Board, Pub Board, EDI, Outreach...

|
650 metres (2,130 ft)
under the peak of

N

\Y/

Near Detector suite

Nijuugo Mountain

Hyper Kamiokande (FD)
295 km baseline,
188 kton WC detector

=5 Beam @ JPAR

il

Sl T2KAMArget POT v
T —

e

30 GeV Main Ring e

drnindis o f
Inlegrated Delivered Protans [107'POT]
od
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Hyper-K Physics -

Hyper-K
——e—— Statisti I e :
...... e ISRV BVt i, 50 AR T) Sensitivity to exclude sin 3CP=0 for a 1.3MW
Il T2K 2020 syst. (v/Ve Xsec. error 4.9%) beam running 1:3 with v:v (best current estimate).

= | | | | HK-years for true 3CP=- 1/2 and 3CP=-T1/4
=10
C =

2 8_ . D .

@ °Of sin“0,,=0.5 3o exclusion

© af T S A M S TR R T T

s 6f -

T 4F 3

% 2 W o R— True normal ordering (known) cr_g 0:52 - Statistics only _E

W Sin2613=0‘021 8:0.0007, Sil"laﬁzs=0,528, ﬂﬂ\§2=2,509)<1068\o"2f( (\Ut) 0 5 E_ ....... |mpr0ved Systema‘tlcs _E

Y e - E—T! ol T T2K 2020 systematics -

Hyper-K preliminary HK years (2.7)(1021 POT/year 13 '\’:‘V) ‘|_- 0.465 ::‘

0.44F L : - ]

. . .. - True normal ordering (known) 3

sin? (023) = 0.5 exclusion sensitivity D42 Ef-e sin%,,=0.0218:0.0007, 5 ,=-1.601, Am,=2.509x10%V?/c]

For a true value of sin? (023), T T R

' 23) — U.O years (2.7x ear 1.3 vV

how much can they exclude sin? (823) = 0.57? e I (2.7x10%' POT/year 1:3 v¥)

yper-K preliminary

| UNIVERSITY OF . . ,
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Hyper-K Physics -

Sensitive to neutrinos from core-collapse
supernova and integrated relic supernova
neutrino background.

p—=+7K'
108 —— JUNO 20 kton , 3o
£ ——e— HK 186 kton HD , 3o

o [years]

» Solar Neutrino physics including day night
asymmetry and upturn.

© T Paanceto ® Proton decay searches made possible by

: Day/Night J\sym:‘netr_v Sensitivity Scal e an d d eS i g n N O n |y g —_,.:. - .
B H H Solid: 0.3% sys.err. ’ § ::: kY :‘:K: .‘:0: 3“

5 Dashed:  0.1% sys.err. : : - - 0
Doyt sty e realistic chance of achieving t(p - e*+1°) >

8 . Non-zero significanc . 1035 years.
' Astro-neutrinos and dark matter.

nsitivity (sigma)
s

Atmospherlc neutranS (MO e rmr
determination).
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K Recent nghllghts and Major Plans -

Hyper K

Far Site Access tunnel excavation complete.
Approach, circular tunnel and dome excavation
completed. Main cavern excavation has started on-
time. Barrel section ongoing.

— To be completed Autumn 24.

Construction of 258 kton volume water Cherenkov
detector tank — Oct 24 - Oct 25.

'''''

electronlcs production ongoing.

* Inner detector PMT production, covers and
electronics ongoing and on target.

Power-upgrade of J-PARC and Neutrino Beam-line
_-__—_

Detactor Facilty, RED,productio s * Major near detector upgrades: ND280++ in 2028+.

E'_ﬂ Including upgrading the ECaL - replace all the MPPC'’s
IS and electronics.

e Operation on target for Dec 2027 start.

| UNIVERSITY OF _ . |
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aseline Neutrino Experiment Anomalies

Phys.Rev. D65 112001 (2002
Phys.Rev.D64:112007(2001 UL L

©w > -
% LSND L am Excess L 6 ._ KARMEN __
3 1380 excess s | No excess ; I decay,
£ 15 ‘ N 4 E| o (1.60 deficit)] Al-regy
® 125 .: p:h o £ o | T i
10 Slgnoal Er:odel not shown % o |k N
s . ]
5 0 1 I 11 1 1 I 1 11 1 I 1 1 1 1
: 1 e 20 30 40 50
e ERERE N S _':%___1 % energy prompt event [MeV]
% Phys. Rev. Lett. 121, 221801 (2018
04 06 038 1 1.2 14 7 g, o Dath (sta ) -
L/E, (meters/MeV) Sy g MiniBooNE = :m'x ] "
& b 4.50 excess rom E S
't gjhl W S,\\\
Definitive test of short baseline ve T Goner . v %,S
appearance requires new — ’ 17 &
experiments and detector - ] 4\5
technology: .
- enter the SBN programme. 75




MiniBooNE Low Energy Excess

MiniBooNE Electron-like selection has a lot of photon backgrounds. R o
T paastaterr) |
3 V. from p””

== v, fromK"
I v. from K’

. Ot

@ other

'

Events/MeV

- Flux?

(=2}
III;IIIII
k&

~———— Mis-ID'd pi-zero
background

Constr. Syst. Error

_lIJlllIJ’;“IJIlIllllll

s |
i + ------- Best Fit \ (measured in-situ).
:I:: _______ E M is_l D’d Event display: MiniBooNE collaboration
2 T - photon Or real
] back d?
: L ackgroun electron
g : neutrino
2 0.4 0.6 0.8 1 1.2 1.4 coe (Ge\?jo appearancer)

Sees 4.50 excess in neutrino mode, 4.70 in antineutrino mode.
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NJAL SBN Programme

== 11 UK institutions and >90 UK members.
:f/; MicroBooNE — UK spokesperson, Physics Coordinator, many conveners.

= '/ASBND UK led construction of key elements, including 50% of wire planes and all APA,
UK PhyS|cs Coordinators, IB chair, Execut|ve Commlttee members, many conveners.

. T'[‘!»Q‘f"-J__.ﬁ___.( -0

f’d’(""
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Photon-like: explanation of LEE disfavoured at 94.8% CL.
» Electron-like: Results consistent with nominal ve rate expectations from

BNB - no excess of ve events observed. Reject the hypothesis that g

simple charged current ve fully explains the MiniBooNE excess at =

>97% CL in all analyses. E
* Joint sterile 3+1 analyst with BNB + NuMI allows enhances sensitivity. =, —s = - e EW
* Most stringent constraints on |U,**for 34 < mHNL < 175 MeV. 10-“02 o 5_D: mi“""jm re = 1

HML mass [MeV]

* Next 5-15 yrs — precision measurements: X sections, rare and
BSM processes.

w
& NG 4 — Ny Bl NGtr" Resonant A(1282) MicroBooNE Preliminary
a LEE Model (x,,,=3.18) [l nCin® DIS 102 = @ MicroBooNE Observed
D All Other Baclcgl_rounds . NC11? Higher Resonances E - LSND 90% CL (allowed) H ' Non-v. background
44 Total Unoonstr.aElned _ I = Intrinsic ve
Background & Error _. MicroBooNE fy1p Data B (allowed) o — = Total, no eLEE (x = 0.0)
(6.80x10% POT) < 204 — Total, w/ eLEE (x=1.0)
¥Tuwl Constrained 10 = . :
~»" Background & Error - %
- 5
S O = g 151 ——
NN N\ ® B
X VE iy
£ F e @ o 7 7 5
Unconstrained Constrained B MicroBooNE, 85% CL, b
BNB 6.369x10°° POT o
1ot [ Sensitivity, profiling [BNB-only) o
1y1p - Data, profiling [BNB-only] 2 o054
Unconstr. bkgd. 27.0 £ B.1 [Ceemncens Median Sensitivity, profiling [BNB+NuMI] g
Constr. bkgd. 20.5 + 3.6 E £1 0 band [BNB+NuMI) =
NC A — N~ 1.88 i2ab:|md [BNB+NuMI] 0.0 : : 3 2
- 2 A N AR AR EET [ R T
LEE (zme = 3.18) 15.5 1010_4 10° i = y lelp CCQE leNpOn 1e0pOn lex

; [200 MeV,500 MeV]  [150 MeV,650 Mev] (150 MeV,650 MeV] [0 MeV,600 Mev]
Data 16 sin28,,,




SBND experiment installation finished and is commissioning. SEND Smuasian

CC Exclusive Channels
= v, CC Om, 4.3M Events
mm v, CC 1r*, 0.9M Events
mmm v, CC 1n% 0.5M Events
mmm v, CC multi-pion, 0.4M Events

o
.
o

* The highly-capable LArTPC detector technology + close
proximity to the BNB target + resulting high statistics =
enables a wide variety of measurements.

bt
=]
@

Event Rates for 10 x 10%° POT
in Active Volume {80m?)

GENIE v3.0.6 G18_10a_02_11a

o
=]
=]

o
=]
B

« SBND-PRISM provides a unique opportunity to probe
| different neutrino fluxes within the same stationary detector.

* SBND expects approximately 2 million v, CC and 15,000 ve Y% NeutinoEnergy(Gevl |
CC interactions per year, and will collect beam neutrino data son st
over the course of a ~3 year run.

v, CCOm, 27k Events
s ve CC 1n%, 8k Events
= v, CC 1n° 4k Events
v, CC multi-pion, 6k Events

Event Rates for 10 x 10°° pOT
in Active Volume (80m?)

GENIE v3.0.6 G18_10a_02_11a

Relative Event Rate / 100 MeV
=
]

=3
=3
=]

o
=
o

o
=)
@

* Will record an order of magnitude more neutrino—argon
interactions (GeV) than currently available.

- Common channels: multi-dimensional differential measurements.

- Rare channels:~ SBND can make measurements that are limited

in other existing experiments (NC N, 1,, ve elastic scattering, v, 0,00
CCOQE hyperon production, K* + A°).
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JSNS?
- 23 international institutions, 1 UK institution (of only 4 non Asian). s=f=

* 1MW, 3GeV pulsed proton beam @JPARC MLF. ND (24 m baseline) — 17 tonnes Gd-LS w/
10% DIN; FD (48 m baseline) — 32 tonnes Gd-LS w/ 10% DIN.

* Far detector construction began in 2021, data taking expected in the 2024-2025 run period.

 With 1 MW x 3 years observed POT (currently acquired 42.5%), cover the majority of the
LSND observation region at 90% CL. === UK supplied 2 LED calibration sources.

-_
(=]
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=
TTIT T T TTTI

Spill Tank

i | m— MLPSO%CL

i | =—— MLF3o

. | [ LsxpsoscL

: LSND995CL

| | ===~ oPERA20IS(NH)S0%CL

A mAeVi/c]

JSNS? 3years +
- JSNSZ-II 5 years

Liquid Level )
Stabilization Tank

Acrylic Vessel E==1LIB
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= 107 107 i
sin~20
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5 UNIVERSITY OF o |
S C AM BRI DGE Melissa Uchida Accelerator Neutrinos PPAP 2024 30




UK leadership and 15 UK institutes involved. 5-15 year timescale!

STORM

* NuSTORM - neutrino beams from muon decay in a storage ring - beam with well defined spectrum. -
cross-sections with %-level precision necessary for LBL programme.

* Muons in the 1-6 GeV/c momentum range, relevant to LBL experiments.
* Step towards a muon collider, proof of concept for muon storage rings, a test for beam monitoring and magnets.

* Could combine with ENUBET to mutual benefit.

» CAMBRIDGE

nuSIORM Prefiminary
o 08 ;:r[lge:fi??:é% o
£ 6D cooling demonstrator Viss Ves £ o
e— E § os "
TaLfget - ﬂ: //4 0OCS = [ Detector § :iﬁ
I'II; |'|’llr o i i : | é
([ B 5 = = 5 = eb.
e g' § Technically limited timeline S
[ esseline design_| EW % -
o . i I |
Storage ring P Ote ntl al B 13 T 8 ETORM Py
. Demonstratar design 5 g ° T 08 n'.lﬁewgilie'm 3
£0 cooling g deSIq n repsraton R o TE o —3:
cool Demonstrator | e — 456
i - Demonstrator and gg § o —:.:
i , uesbsnanumodell-g_] : ) %:.02
' i o g |
o 1 Potential = i : "
' Layout ey e o =T : E, (@eV)
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PPAP Roadmap 2021

The 2020 ESPP update identifies experimental neutrino physics as
a high priority area in the quest to address the shortcomings of the
Standard Model. In the next 20 years the key questions for neutrino
physics are measuring the parameters that govern neutrino
mixing, establishing whether the neutrino is its own anti-particle (i.e.
whether neutrino is a Majorana or Dirac particle), measuring the
absolute masses of neutrino states and understanding whether a
sterile neutrino could contribute to anomalies In oscillation data
observed by some experiments.
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Recommendation 6.1: The UK should maintain its leading role in long-baseline neu-
trino oscillation experiments. Exploitation of the currently running experiments should
be supported. In the next 10-20 years the main priority will be on measuring the
CP-violating phase of the mixing matrix and the neutrino mass ordering with the
long-baseline programmes in Japan and USA. The UK should continue to engage
with both programmes. In particular, it should maintain its leading involvements in

LBNF/DUNE.

Recommendation 6.2: To extract the most physics out of the long-baseline neutrino
experiments the UK should build on its existing expertise to pursue a complementary
programme of precision measurements of neutrino interaction cross-sections and neu-
trino fluxes. In addition, recently emerged opportunities of detecting collider neutri-
nos, that allow measuring neutrino cross sections at energies where they are currently
unconstrained, should be pursued.
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» Strong and diverse progress towards all our PPAP 2021 neutrino physics goals!

* T2K — Upgrades complete. Data taking at high intensity continues. Joint
analyses with both NovA and SuperK.

* Hyper-K —is now an official approved part of the STFC programme.
Construction ongoing and on target.

* NovA — Double the dataset and several joint analyses.

 DUNE - Construction ongoing and on target. UK project funded. International
project: signing of the Construction MOU, RRB approvals and P5.

 MicroBooNE — 1% search for LEE steriles & HNLs published, analysis factory...
« SBN (FNAL) and JSNS - data taking begins soon.
* NUSTORM — Solve multiple problems in an exciting way over the next 5-15 yrs.
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Strong UK involvement in 9 accelerator neutrino experiments. There is strength in this diversity.

Large collaboration LBL experiments are enhanced, supported by and parallel to smaller collab
SBL (and beyond) experiments.

— More bang for our buck!

Precision measurements of cross sections, rare processes and BSM phenomena vital for the
next 10-15 years.

Long-baseline experiments also need capable near detectors to attain physics goals and
maiximise cost benefit and glitzy results.

Strong UK expertise in targetry, SW, HW, electronics, DAQ and design (and leadership) should
be maintained through ongoing projects and support.

- visibility/outreach — public excitement/funding (avoid the brain drain).
Field which really does perform — high impact publications / media reports and more...!

BUT — we need to support these measurements with a strong theory component and cross
section modelling — neutrino theorists and phenomenologists.
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Neutrino be-e upgrades .

* Replacement of Main
Ring power supplies to
allow for higher repetition
rate from 2.48s to 1.36s

e Several upgrades done
on the neutrino beamline
to cope with higher beam
power

e Horn being operated at
320 kA instead of 250 kA
— ~10% increase in the v

flux

T2k

New horn PS for

320 kA/1Hz
operation

New FVD2
magnet

S
.
1

[ § \;é.

L

o
.-l

New horns 1
and_ 2

P

HE Y

j

New short FVD igstalled

d

Improving performance

Increasing cooling capability for ¢ yeam monitors

the heat generated by beam

Improving performance
of beam monitors

Horns Target Proton beam monitors

. proton
S Muon monitor
Final focus section

Vu Beam Helium vessel/ . —
dump decay volume Improving maintainability under

higher radio-active environment

Increasing capability of

radio-active waste handling

New MUMON Si
(Half sensors)

New target

New water tank for
radioactive water disposal |/JE=

Y .
cooling system
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T2K\

Towards higher beam power

—_—

home/dagkunworkspace/developjnu_be v n
MR Run# 91

]\'I R ShOt# 2448782 ame/dagkun/workspace/develop/jnu_beam_smn/slowmenitor eples/gul/jnu_sdm/trunk/share .-
2024/06/14 09:33:58 . i
; ) Last shot MR Power is 800 9 (kW]
057 (2024/06/14 09:33:58) L]
MR DCCT_073_1 measurement - 2.2687e+14 [protons per spill]
MU CT01 measuremen t: 2.2628c+14 [protons per spill]
ST Parameter values : Prediction from parameter values
Deliv. p# i d 3 LI current: 60.02 [mA] LA sty E = -
AoV P oy 3:88838€420 | wRmcopuse 400 fuseq Expected PPP:  2.1075¢+14 g
[ MR chop width 4855 [nsec) Expected PPB:  2.6343¢+13 [ Posk
s iy ] = > i MR thinnin : 110128 : i . CH HAME t
|:|:IJ.3”LI|':\]:"[]?-T i 421035ex21 | sl = m Expected Power: 783 [kw)nm IC22 e
©
e e

Charge e
a938pc |

Padestal e B = - .
-123.26

) June 2024 —) Beam poWer increased to 800 i SSNE M A S LY 10 L 19 SO | B ST I BT STrthae e
kW since last week! (~500 kW before upgrades) ot i aa

o Steady improvements to reach 1.3 MW by
2027 — increase T2K statistics by a factor of 3
by 2027

Integrated Delivered Protons [10°'POT]

» Larger statistics = need to reduce systematic
uncertainties = ND280 upgrade

T2K Work in Progress
alr i ; ; i ; ; =5
26 2020 2021 2022 2023 2024 2025 2026 2027



T2K\

The Near Detector upgrade

Replace part of the POD detector (measured NC 7° production) with
a new scintillator target (SuperFGD), two High-Angle TPCs and six ToF planes
29




Protons — threshold down to 300 MeV/c

(>500/c MeV with current ND280)
e v i e e e e o b o [ 4
0.9F Proton tracking threshold
Work In Progress

ND280 Upgrade improvementg2<

Efficiency -
T

~ Muons in __

TPC only
=T —" Present muon
LR - selection in ND280

03}
02—

ND280 Upgrade

' o8 -08 -04 -02 © 02 04 08 08 1 J
true cos 6

Current ND280

Jl-lll]l]ll] lJlllJlJi'l]l]l]l]lll]l]]l]

* High-Angle TPCs allow to reconstruct muons at any
angle with respect to beam

A e
800 1000 1200 1400 &

 Super-FGD allow to fully reconstruct in 3D the tracks T R
issued by v interactions —lower threshold and . 700k 1 i - a
excellent resolution to reconstruct protons at any angle [T g 800 _ 08
x, 5 I.::..l 500~ 3 e b : :
 Improved PID performances thanks to the high A Se0s . e
granularity and light yield Pg— Ezz o A v T
* Neutrons will also be reconstructed by using time of 1005 oI Ui -
flight between vertex of ¥ interaction and the neutron : res PN |
1 IJO 200 300 400 500 600 700 800
re-interaction in the detector 45 atp e Prerge et

Phys.Rev.D 101 (2020) 9, 092003




T2K

L. Kneale, K. Lachner, !

and W. Li posters ExpeCted reSu ItS

« First physics run with full upgrade s _zi
currently on-going of —e
FGD .- E
» Expect to select 20k v, CCOm oF
0; T

0 200 440 600 800 1000 1200 1400
. e (MeV)

1
T2K Work if Progress (9.89 x 10%° POT)

interactions in the super-FGD for 1
month of beam

[72] | ] I | | - | B
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T2K\

June 2024: Full upgrade




NOvA and T2K are complementary
Compared to T2K*, NOVA has Higher E,

Larger matter effects

T2K: L=295 km, E=0.6 GeV

e
8- 5in*20,,=0.085 =
[ Am2=2.5x10"%eV? |
6 i 5in’0,,=0.5

L \.\

4_

2_

L0 d=0 e &=n/2

[00=n md=m/2 i i

0 2 4 6 8

P(V,—Ve) %

NOVA: L=810 km, E=2.0 GeV

—— T
- sin’20, ,=0.085
L Inverted sin293‘=0.5

 ordering
...._\\k\'\%‘%‘
N

\'\\ \\\\ ¥
. 4

- \gi

A
Q@Q

I Normal
l o 8=U > 8=1U2 Ordﬁ‘ril“lg

Fod=m . o=-1/2

Am[=2.5x107eV? |

Stronger mass ordering sensitivity;
more &c degeneracy

Also...

More antineutrinos

More final-state pions

(see overflow slides)
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NOVA
active scintillator calorimeters

see significant energy from both
lepton and hadron systems:
Neutrino “calorimetric” Eyreconstruction

from
Fermilab

& functionally equivalent detectors

shared uncertainties mostly cancel

NOvA and T2K are complementary

Compared to T2K*, NOVA uses
a different experimental approach

T2K

water Cherenkov FD

v,-like

see only lepton energy:
“kinematic” E, reconstruction

Hybrid gas TPC &
scintillator tracker ND

ND+FD shared uncertainties explicitly
fitted & constrained via model
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NOVA-T2K joint fit: takeaways

Advancing the precision frontier on |Am?s; |
<2% measurement!

Inverted mass ordering

A\'O\'f"-f—Tzf\l” —— 24770035 1.4% I Z\ 004 E Bayeslan Cred. Int. s /4\
T2K7 Sf— 253 005 20% ‘B C With reactor constraint ==Both MO =g 1=
NOvAF —— 2,44 005 2.0% = r s e
o . o 0.03f = Inverted MO --26 1 >
MINOS+1 —_— 2.45 T0T 5 = g 3
IeeCube® S 240 0% gq S 0.02F ==Normal MO ---3c j [j
SuperK+T2K" —e— 248410057 245 ; E B 1R
SuperK!™ N 2.48 9% 359 E 0.01 ) g
Daya Bay® nGd —_ 2.571+0060 2.3% QO-‘ E A_/_rrrr‘:: F
3 L4
RENOYI  nGd —————— 270 i002  43% e ——+—F=] T et
RENOY  uH . 255 02 e Both MO [Feesim—e- - | beoeeeke| 5
22 23 24 325 28 2r 28 29 =3
|Am3,|, 1073 eV? jub]
hoood (3P ‘_:;'

PO [
Mild preference for Inverted Ordering z @
but influenced by 613 constraint
NOVA+T2K only NOVA+T2K NOVA+T2K2 CP-conserving points are outside
+1DBs  ¥2D{Srs, Ay 30 intervals in IO
10 (71%) 10 (57%) NO (59%) : .
Expect CPV if ordering is inverted
l1] KEK IPNS seminar, FNAL JETP seminar  [5] arXiv:2405.12488 [9] RENO @ Neutrino 2020 [10.5281/zenodo.3959697]
2] Eur. Phys. ]. C83, 782 (2023) [6] arXiv:2405.02163
{3] Phys. Rev. D106, 032004 (2022) [7] Phys. Rev. D109, 072014 (2024)




Far detector observations: v,

NOVA NOVA Preliminary
EEED LT FT TP r Tl 7" o4
-+ FD data
— 2024 Best-fit Pred.

1-0 syst. range

T
o
{®
o
=

Preliminary
e

<
i E=n
1D
1o
13

- FD data 114

— 2024 Best-fit Pred| ;,
1-0 syst. range

IJI[

40

]III|

> I Background 110 I Background
O 30 Il Wrong Sign: v,CC Il Wrong Sign: v,CC ]
S | Cosmic bkgd. = 1 Cosmic bkgd. -
P | .
c 20 — 6 5 -
@ -4 ]
> = =}
L 14 ]
10 —

|I|I||III|IIII]IIII|I?II—I

oo
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% i 2 3 4 5 0 1 2 . B 4 g
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
384 v, data candidates 106 v, data candidates
(11.3 background) (1.7 background)

2-flavor o<cillation< de<scribe the<e data well: Bave<ian nosterior nredictive n-valiie = ) 54



Far detector observations: v.

v-beam NOVA Prelimlnary v-beam NOVA Preliminary
- Low PID High PID i Low PID High PID )
: FDData | _ pocts 1 F )
B + Best-fit Pred. izl + FD Data —— Best-fit Pred. |
i WS bkg. . 4 F : &
i . " d 1- syst. 1 L - WS bkg 1-0 syst )
i eam . | range 4 F Beam T
. 3 il gkg- © 1 [ M S ® ]
B (0] osmic o|o 1410 l— Cosmic o |o .
i b bkg. ols 1*e bkg. ol o |
" ! L = i L =
2 [ o) -
— @) . = = o i
! - e -
i F ] §
! 15
20~ -
0 05115 5 } - 0 . . —
Reconstructed Ve energy (GeV) Reconstructed v, energy (GeV)
Best fit Range Best fit Range
1862 119-250 - Total pred
181 V. data Wrong-sign Bie28 32 V. data Wrong-sign 002
. Beambknd.  53.7 . Beam bknd. 9.0
 UNI candidates Cosmicbknd. 6.2 candidates = comicoind 11

Total bknd 61.7 61 - 63

W CAl

Total bknd
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e Va—vssector

Do vy/v: mix equally into vs?

NOVA Preliminary

| T2K+SK 2024: ariv

I I I I ! 1 1 1 1 I 1 1 I I I
31-NOVA NO 90% CL 26.6x10%° POT-equiv. v-beam .
. . 2 —
| With 1D Daya Bay Constraint 12.5x10° POT v-beam i
F NOVA .
— 2024
> | x Bestfi |
HiE S asamismens sl LS e
o | ¥ BesEE P 0 0 s oo i
4p]
o 2.5 ' —
A o J
Al
N - =
E
< = -
| ¢ Bayesian |
2l—------- lceCube 2024  -+-:-:- T2K 2022 - MINOS+ 2020 —]
-------------- SK 2023 — — NOVA+T2K® ----= SK(IV)+T2K*
L 1 | | I 1 1 1 1 I 1 1 1 1 I L 1 | |
0.4 0.5 0.6
T g L
IceCube 2024: arXiv:2405.02163
T2K 2022:10.5281/ do.6683821 SI n (923)
MINOS+ 2020: Phys . Lett. 125, 131802 :
| SK2023: Phys. Rev. D109, 072014 . - +0.035 | =2 g2
NOVA+T2K 2024: KEK IPNS seminar, (Frequer.ltlst) Amg, |+2.4337, 5 |x 10 "eV
e St~ dses
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o Wp-Vvssector

Do vy/v: mix equally into v:?

NOVA Preliminary NOVA Preliminary
- 0.025F ‘
- Bayesian Cred. Int. | Bayesian Cred. Int.

0.02 |~ No Daya Bay constraint Both MO [ With 1D Daya Bay constraint Both MO
> [ B 2 ooz W w/ 1D
2 o015 Moo NOVA Z F B b
S - = E aya
) - s only Q 0015 [Jso 5 y
“ i N - d
2 oo ke - y
5} i o 001
(7] - ) L
& 0005 O C

L O o.005F-

i R - i
3B ""04 ; 05 055 06 065 T a—
55 :
sin (923) sz(ezs)

Mild Upper Octant preference
(69% prob; Bayes factor = 2.2)

emerges from applying reactor constraint
(due to correlation between 613 and 6,3, see overflow)

Maximal mixing is allowed at <10
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AP,; xsindcp

wm MaSS orderi ngad nd CPV - ¥+

rdd'? i

NOvA Preliminary NOvVA Preliminary NOvVA Preliminary
[ Bayesian Cred. Int. | : ¢ ] 0.05E Bayesian Cred. Int. | g - = [~ Bayesian Cred. Int. T = : - =
| No Daya Bay constraint 4 77} With 1D Daya Bay constraint:: 3 [~ With 2D Daya Bay constraintT™
- 0‘04:_ Inverted | Normal ] 004‘ Inverted T Normal ] DI Inverted | Normal ]
g 003: .b Orderlng I .10 Ordering ] 1° .b Ordering t OrdermgE : Ordering | .b Ordering |
s o f O2o NOVA 1 O ] 0.03_—.20 - 004} Oeo w/ 2D BE WEY -
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A oo i 7 oo1f 4 [ T
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Am2, x10° eV? Am2, x10° eV? Am2, x10° eV?
No reactor constraint Daya Bay sin?26.s only Daya Bay (sin?2613, Ams;?)
N.O. preference: N.O. preference: N.O. preference:
69% prob. (Bayes factor: 2.2) 76% prob. (Bayes factor: 3.2) 87% (Bayes factor: 6.8)
Frequentist significance*: 1.40 Frequentist significance*: 1.60

Mass ordering preference strengthened by applying reactor constraint
(not entirely unexpected: e.g., Phys. Rev. D 72: 013009, 2005)




LBNF beamline: world-leading intensity

* Very high flux between oscillation

operatlons begln

c(;"~4_' | B R L I S

minimum and maximum, with 2 — DUNE (1.2 MW) ;
. R 8 — MINERVA
coverage of second maximum s T/ - -
« ACE-MIRT upgrade enables >2MW e e

beam by ~doubling frequency of L Tl Flitx it ND -
spills, and can be achieved before § f[ii :

> 15

2 4

8 10
E, (GeV)
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;
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I
Far detector: two readout technologies

JINST 15 T08010 (2020) arXiv:2312.03130 (2023)

Top CRPs

Bottom CRPs

Field cage

» Horizontal drift (HD, left) using wire readout planes, four drift regions

* Vertical drift (VD, right) using two 6.25m drift regions and central cathode

« Simpler to install - first DUNE FD module will use vertical drift
* VD is baseline design for modules 3 and 4
B UNIVERSITY OF . . .
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Near detector: systematic constraints
for precision physics

* Main purpose: enable prediction of
Far Detector reconstructed spectra

SAND TMS

* Movable detector system: LArTPC
with muon spectrometer

e Off-axis data In different neutrino
fluxes constrains energy dependence
of neutrino cross sections

 Same target, same technology -
inform predictions of reconstructed E,

In Far Detector

.'l e S A WA ¥V AJANWNLSA A A s A

: CAMBRIDGE Melissa Uchida Accelerator Neutrinos PPAP 2024 54




Unique challenge for ND: pile-up

* Neutrino pile-up: very high rate at One beam spill at ND-LAr
near site motivates pixelated
readout and optical modularity

* Pixel readout: Natively 3D
Information in raw data, for
resolving activity that would overlap
In 2D projections

e Optical modularity: For charge-light
matching, to allow association of
detached energy (e.g. from
neutrons)

BB UNIVERSITY OF
T C AM BRI DGE Melissa Uchida Accelerator Neutrinos PPAP 2024
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Phase-ll Enables Broader Scientific Reach for DUNE

 Phase-ll FD mass, as well as potential
improvements in energy resolution and
background levels, key to improve detection
of neutrinos from astrophysical sources in the
MeV energy range (e.g. Solar and
Supernovae neutrinos)

e FD mass is also crucial for many other BSM
searches (e.g. Baryon Number Violation
Searches)

e Low-density ND-GAr adds additional unique
sensitivity to BSM searches involving neutral
particles produced in the beam and decaying
in the ND (e.g., Heavy Neutral Leptons,
Axion-Like Particles)

* Phase-ll improves v detection capabilities at

both ND and FD
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ND-GAr R&D

* Active R&D on both charge and light readout
including simulation studies

e GORG (GEMs Over pressurized with
Reference Gases), for testing of GEMs in High
Pressure: bench testing complete and getting
ready to run at high pressure

e TOAD (Test stand for Over pressurized Argon
Detector), for full electronics Slice Testing of
ALICE multi-wire chambers in the FTBF:
Preparing for cosmics and beam data

e Optical TPC Demonstrator at IGFAE (GATO):
Investigating the optical gain of ThickGEMSs at
high pressure; has been benchmarking
ThickGEMs at 1 and 1.5 bar in Ar/CF4
mixtures.

v A RBRAY A AF A VA A Wi A



ARIADNE

e Optical-based charge readout: S2 light produced in THGEM holes can be captured by fast
cameras (eg, TimePI1X3) to reconstruct in 3D the primary ionization track

e Successfully prototyped with 1-ton ARIADNE and ARIADNE+

(_:

GAr S2

| UNIVERSITY OF
CAMBRIDGE
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SoLAr

* Integrated array of VUV SiPMs on pixelated anode
e Online localized triggering for dealing with high data rates
e Existing prototypes:
- SoLArvi:7x7 cm2 anode plane, 16 VUV SiPMs, 3.5 mm pitch, 4 LArPix v2a chips
- SoLArv2: 30x30 cm? anode plane, 64 VUV SiPMs, 4 mm pitch, 20 LArPix v2b chips

@ UINIVEKDIL X Ur

: ' CAMBRI D GE Melissa Uchida Accelerator Neutrinos PPAP 2024
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Q-Pix

e Self-triggering, low-threshold, ~ “os] _esrer M =T [

_ Cr _ Cr
readout — —

Input— Output  Input—

Current [nA]
)

o ML
975 980 985 990 995 1000 1005 1000 1005
o

— Input

high-granularity pixelated = J s
Output

154 = Reconstructed

e Changes basic quantum of e T e Tt " a
information from traditional reset architecture (A)  replenishment architecture P s o W o e o o

“charge per unit of time” data | e
format to time difference e |
between clock captures for a ; .. =R
fixed AQ — low data = i Pootpe  JEE

throughput it T el £ Ve

2022 Hawaii sy
e A number of prototypes are er
currently under construction g T :
and evaluation gk L

SR CAMBRIDGE Melissa Uchida Accelerator Neutrinos PPAP 2024 60




Near Detectors e

Critical components to precisely understand
J-PARC beam and neutrino interactions.

On-axis detector
INGRID

At 280m:

* On-axis detector: measure beam direction, monitor event rate. ol —

; ; ; Improved performance
» Off-axis magnetised tracker: charge separation (measurement onpNggaoipgrade,

of wrong-sign background), study of the recoil system. Tl A

» SFDG, High-Angle TPCs and TOF. Improved: P e,
* low-energy particles and neutrons reconstruction
* angular acceptance

Off-axis 1°

IWCD (~900m):

* Due to pion decay properties, neutrino spectrum varies with
offaxis angle

» change off-axis angle ~1° — ~40 to change mean neutrino
energy and constrain: (o(v,)/ O'(l/#))/ (O'(DC,)/O'(EH))
 ~400 mPMTs (high-granularity and time resolution)

= S S — —




Construction of the water tank, PMT support

Far DeteCtor structure, and infrastructures by Japan

258 kton volume water Cherenkov detector

Size of the water tank. - 216 kton inner detector (~188 kton fiducial volume)

Tank size ®68m X H72 m -1 m_thick outer detectc_)r usgd asa ve_to_ region
Water height 71m i Op’ﬁally S?Ra'.'?téd_.lfsmg h'gh r‘5‘ﬂ9C’[l\»’l’[y\'l'yw-:*k sheets
ID volume 216.9 kt HE e Lo N
FLeliEE el 188.4 kt N {T\I:\A\;j\;]f} SNNNNNNNZAAAAZ A 2 207 R
ID surface 19991.1 m2
OD=Outer Detector  ID = Inner Detector [ 0.t Detector (OD)

Back-fil concrete

50 cm Inner Detector (ID)

Stainless steel
lining
4 mm (barrel)

3 mm (bottom) ; - L '

ID height: 65.8m
Water height: 71m

ID diameter: 64.8m

0D thickness: 1 m(barrel)
2 m(top/bottom)

1m 60 cm(dead)

0, 4

T E O RN

20



Tank Frame

Di LodovicB- M5 et er

50cm PMTs

#20,000

ID+OD
Electronics

#~1,000

OD
#3,600

mPMTs
#~1,000

‘ ' to choose
P« PMT cover.

Underwater
vessels with
4 electronics
boards (ID,
ID+OD)

Full OD system
includes 3”
PMTs, WLS plate
and high
reflective Tyvek.

s MPMTs provide
d improved timing
I and direction
= resolutions 21




Kamiokande 50x
‘(1 983-1995)

1/ (188) kton

Hyper-Kamiokande
(2027-)

Takayama (1998)

Zenith angle dependence

(Multi-GeV)
| ® Kam-Il (11 evts.) Up-gois a
sl o IMB-3 (8 evts.) ,fﬁlr‘f_“’”_,;; 1
L A Baksan (5 evts.) . - @ ful b ‘@;H /| X*(shape)
3 24 events total — 7 Sl s /m =2.8 /4dof
530' S :— EL_)]’_ 0931-0!)
2ot + | Discovery of B el
w = s (50 FC piive « PO shape
i é + ¢ neutrino AEL = | -30/euy
10} ; . a‘w'P“W ._._:’f U .
A He o oscillations ’:1-,; 2% [fn 054153
06 1 é 1 ‘; | é I |a [16 I'iz . e 520“”)
Time (sec) &\)r/m::{usy:h ::- o ,..L:-:. |
. . Pt e rock ehove. 5K e 227 ) L
Birth of neutrino de [ Eoviy S fe 14 a2
H " Nen V' Background --- g 2 B z
ni{astrophysics CP, astrophysics, rare decays 2




MicroBooNE HBooNE
* Large-scale LArTPC:

/! @@ - 85 tonnes (active mass),
- 8192 wires (3 mm pitch) on 3 planes,
‘. - 32 8" Cryogenic PMTs,
s . - UV laser calibration, Cosmic Ray Tagger.
& . Crucial for scaling up to DUNE.

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

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

-

A AN
o
C — ———

W W

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

- Study GeV-scale v-Ar interactions.
=8 UNIVERSITY OF - LArTPC hardware and software testbed and R&D.
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Time [3 ps]

Raw

After Noise Filtering
—ILe

Detector Performance

After 2-D Deconvolution Al

750| (a)

600

B
o
=)
\‘ p
.“
_.t" L

300

150

0

| (b)

(c)

f
f

/

/
: J v\, [’

N\
PN
'l b |
/

0 20 40 60 80

; S
0 20 40 60 80

Wire [3 mm spacing]

function of time.

0 20 40 60 80

JINST 13, P07007 (2018)

Advanced signal processing:
produces 2D de-convolved waveforms,
which represent the number of drift
electrons that arrive at each wire as a

Melissa Uchida

40000

30000

20000

10000

0

-10000

—20000

—30000

—40000

Data-driven electric field maps:

- UV laser: JINST 15, P07010 (2020),

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

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

- JINST 13 (2018) P0O7006.
* Longitudinal diffusion of ionization e-’s: arXiv:2104.06551

Data: taken since 2015

—— Delivered POT —— POT on tape !
Run1 Run 2 Run 3, Rung4 Runs
]
1 =
I 1 f
2015 | 2016 | 2017 | zo:l.ai | 2019 2020

uBooNP _

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.
e - Multiple neutrino cross section results (CC inclusive, CC 1,
CC Np, QE-like, ve), BSM searches (HNL, Higgs portal

scalar).
CCyv, +1 proton candidate data event

Run 8617 Subrun 46 Event 2328 - Eur. PhyS JC78, 82 (2018)

MBOONE * Deep Learning (DL)
— First of their kind applications in a LAr TPC.

- PRD 103, 052012 (2021), PRD 103, 092003 (2021),

Proton

Candicate - JINST 16, P02017 (2021), PRD 99, 092001 (2019).
* Wire-Cell
Photon - fully 3D, next-generation charge-to-light matching, improved
Candidate cosmic removal.

- Phys.Rev.Applied 15 (2021) 6, 064071,
JINST 16 (2021) 06, P06043, arXiv:2012.07928 (PRA).  ¢ny
See poster Jingyuan Shi: Comparison Studies

NC A =Ny candidate data event
Run: 9524 Subrun: 127 Event: 6375



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

m LEE Particle Content? “BeoNE_

_ 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 *BooNE_

~
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.. #BoeNE2_

Reco
opology

Models

1e0p

1e1p

1eNp

1eX

e'e

+ nothing

+

e e X

1y0p

1y1ip

eV Sterile v Osc

v

v

v

Mixed Osc + Sterile v

VW]

V[?]

v

V.

Sterile v Decay

V.

V[ls.m]

[13,14]

‘ [4,11,12,15]

AN

Dark Sector & Z’

V.,

More complex higgs *

LN

]

Vo

Axion-like particle

Res matter effects

AN

SM y production

AN

v

%

Requires heavy sterile/other new particles also
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BooNE'’s Photon-Like Analysis ”B@

?_: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 e L 121, 221601 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!

3 UNIVERSITY OF _ . .
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MicroBooNE’s Photon Analysis #BeeNE_

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 Simulatio

Uses two two-photon selections to constrain NCtt° background.

Signhal samples are single photon.

Physics modelled with GENIE v3.0.6 - Berger-Sehgal resonance model.
B UNIVERSITY OF
C AMBRIDGE Maelissa Uchida Accelerator Neutrinos PPAP 2024




0.2

0.18

0.16

ty Distributions

S 0.14
0

& 0.12
0.
0.08
0.06
0.04

0.02

Well then...

Phys.Rev.Lett. 128 (2022) 11, 111801

Disfavours the NCA - Ny
explanation of LEE at 94.8%
confidence level.

RN + !

=} %% LEE Model (x, _ =3.18) = E a

- %;4 : s o

= 2 Nominal Prediction 3

- 2 |8

— Data 1.96 (94.7%) CL % s

- Median Sensitivity QNN

~ 1.5¢ k'e%%

:_ \'\.\\ 5 _I

- 4 ' /

:I_L R & '\‘1\\'\:\‘;\\\\\ |. $ .' s S { 1 %% v A
-20 -15 -10 -5 0 5 10

2 _ 2
Ay = XLEE Model (x,,,=3.18) Xominal

50-fold improvement over prior

limit on rate of this interaction.

§ UNIVERSITY OF
y CAMBRIDGE

Melissa Uchida

1v1p 17v0p
Unconstr. bkgd. 27.0 £ 8.1 1654 £ 31.7
d 205+ 36 1451 + 138
NC A — Ny 4.88 6.55
LEE (zmB = 3.18) 15.5 20.1
Data 16 153

Accelerator Neutrinos PPAP 2024
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https://arxiv.org/pdf/2110.00409.pdf

roBooNE’s Electron-Like Analysis "BooM2_

"0 SData/SPred =1.08 £ 0.13  mm sNBv, ccoE (336927 « 3 distinct e-like LEE search analyses:

600 MicroBooNE 6.67 x 1020 POT ps ::';tg';;{zag‘?;"o”sn;’ 998:1
3 500 ; mm= Cosmic Background (97.77) st CCOE 1elp. PRD arXiv:2110.14080
E w2 Systematic Error
R4 P * Pionless: 1eNpOTt and 1e0pO0Tt. | PRD arxiv:2110.14065
v 300
gm_ e 1eX. PRD arXiv:2110.13978

100 . . . . .

e Start with high-statistics muon-like samples
EDO 400 600 800 1000 1200

2

Data/Pred
=

%00 400 600 800 1000 1200

to make data-driven electron-like prediction.

- Heavily reduces uncertainties on
E, [MeV] e-like spectrum.,

Excellent rejection of cosmic-ray and photon shower backgrounds.

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

High-statistics auxiliary measurements of 11° and v, CC events to produce data-driven
Ve estimates with constrained uncertainties.

Use unfolded MiniBooNE-like excess to test hypothesis . Not a sterile model!

2 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 uBooNE _

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 eIseWhere_
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 cos# Recnnstructed Shower cosé@ 75



ey Clectron-

:> 45 Datalred—{l HEEL, U‘s}dal.a err ), {I4Lpred eir)
C Data POT: 6.36% ¥ mdf=17.86/23
2 8 —— BNE data, 338.0 - Bred, uncertainty
40:— Orthers, 10.0 NC, 22.5 20 4
= CC, 193 v, CC 3331
G 35E- s cf‘rrmmlcux 13,37.0 =
— E - Pval O 014 Q
w J0E [l == F = 15
E - = u EiEREE o
=5 25k = T | 3
8 E = = - S -
S20F L & 10/
E - I-- - : . = .C
o 15k ¢ ]
I (5
10f- - s
U_ —I—'_I_I_l ] [ - i i}
0 500 1000 1500 ZUOU 2500
Reconstructed E, (MeV)
| leX |
+ Data(25)
200 2data’Fpred = 0,86 + 0,06 (sys) £ 0.19 (S1al) wum e y, (25.8) 17.5
Fitted ’
175 MicroBooNE 6.67 x10%" paT Background (3.2)
_____ eLEE(x=1) = 15.0
;15 . Model {11.6) aQ
p 1o . Canstralned =
= 4 Uncertainties a 12.5
g P=0116 =14,
100 =
o ul
E 2 75
¥ 75 =
o &
5.0 E
251
0.0

200 400 §00 800
Ey [MeV]

1000 1za

MicroBooNE Ei_aﬁ %102 pOT
H —— canstrained pre-di:tion v with
: ——- eLEE model tx=1) v other
: m Dirt (Outside TPC) v. CC
! W Cosmics : + BMB Data
E : !'_- : Pval 0 194
P ;
1 I 1
P :
i + | | + :
500 1000 1500 2000

Reconstructed E, [MeV]

1e0p0OTT i

MicroBaoME .86 x 1020 POT

1
— consbrained pl&:lel.iU'l mm Cosmics
== eLEE model (=11} v with ¥
B Dirt [Qutside TRE) v, CC
v other 4 BNB Data
Pval 0 848

1500

1000
Recanstructed E, [MeV]

500 2000

WBoONE _

Some tension:

~ 800 MeV In
CCQE lelp
selection, and

~ 150 MeV (& at
forward angles) in

1e0pO0rTt selection
(bckg. dom.).

Deficit in 1eNpOTt
and lelp selections
at ~400-800 MeV.
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ND Assembly and Installation

* Detector assembly and installation for all
022 | __ components inside the cryostat is complete,

PDS Box
Installati
on, Sep.

APA Assembly, Dec.
2018

and the bottom and north CRT walls are
installed.

:ﬂﬂ the cabling for all systems from cryostat

B flanges to readout electronics racks, and in
#]parallel with that on the final parts of

. cryogenics installation.

‘**~ official end of installation on the 1st of Dec

.Start LAr fill in January 2024, power up the
detector in February and beginning of
commissioning.

* First SBND Physics Run from April-July 2024.
Expected data will match the MicroBooNE
entire dataset.

o
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Ve Appearance
“— ]02 £ SB.’\‘I I’:_cli‘m‘in_arrjrr"_l jaxll_);--.;r\-::u |M:(_._s_|l_.¢.u&.o:\:-:(_13._?c_.‘u‘|r‘(l}!'! ICARUS (66620 POT) o ]02 :
% E : Injected Point, % E
T + sin'a8, = 0003, = I
£y A= 132V NEE’
5 o g 10t
1
E s NE (v
[* ==ee= KARME '.I-CI
107 e F 107!
S BN StateSy
[ —— saSBN S
|” [ 50BN s:a ttttt
" B so SEN StatOaly
1072 bl R | R AT 10-2
107 107 107 1 e . |
in“26,
sm-29,,

SBN Preliminary  SBND (6.6¢20 POT) MicroBooNE (13.2¢20 POT) ICARUS (6.6¢20 POT)
T T T TTTIT T T T T TTTTTH
-7
Injected Point,
njected Poi e
sin28,, = 0.07, I
Ami, = 1326V - r/
s
'
rs
1
1
\ i
~
~ i
: i
“e 9% leeCube ™.

vu Disappearance

cwes GOG JoeCube e
Q0% MiniBooNE/SciBooNE
s G050 MINOSMINOS+

E —— G0% SBN St+Syst =

[~ = 50 SBN Stat+Syst 2]
~ [ 50 SBN Sut+Syst
10003 50 SBN Star-Only

T ' il BT, i i e

3 S =
10 1072 107 )
sin’20
By

* In addition, SBND will pursue other possible explanations
for the MiniBooNE low-energy excess anomaly as well as
other beyond Standard Model physics scenarios

| UNIVERSITY OF
¥ CAMBRIDGE

Melissa Uchida

Accelerator Neutrinos [

‘Neutrinos and other BSM @ SBND

ibutes to the SBN Program as the near detector, characterizing the beam
ale oscillations set in and thus addressing dominant systematic uncertainties

BN has a unigue chance to jointly study v. appearance, v, disappearance, and v. disappearance

ve Disappearance

{13.2e20 POT) ICARUS (6.6220 POT)
] 1

02 SBN Prelimi Y snan\r.u.‘:_uml

& SBND Simulation

Heavy Neutral Lepton
__Final state: e+e-
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