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Oscillations
Flavour Mass
Ve C12 s12 0 C13 0 8136_1.(S 1 0 0 41
V/~L = —S812 Ci12 0 0 . 1 0 0 Co3 523 V9
U 0 0 1 —s13€" 0 C13 0 —s23 cCa23 Vs

Cij — COS (97;]'; Sij = sin 91-3-
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Oscillations
Flavour V,uJ ? V,u Mass
Ve C12 s12 0 C13 0 8136_1.(S 1 0 0 41
vy = —s12 c¢i2 0 0 1 0 0 co3  S23 1%
U, 0 0 1 —3136“S 0 C13 0 —s93 cCa3 Vs

Cij — COS (97;]'; Sij = sin 91-3-
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Oscillations
Flavour VM ? Ve V,uJ ? V,u Mass
Ve C12 s12 0 C13 0 8136_1.(S 1 0 0 41
V/~L = —S812 Ci12 0 0 . 1 0 0 Co3 523 V9
U, 0 0 1 —3136“S 0 C13 0 —s93 cCa3 Vs

Cij — COS (97;]'; Sij = sin Hz-j
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Oscillations
Flavour Vu ? Ve V,uJ ? V,u Mass
Ve C12 s12 0 C13 0 8136_1.(S 1 0 0 41
vy = —s12 c¢i2 0 0 1 0 0 co3  S23 1%
U, 0 0 1 —S1 @ 0 C13 0 —S823 (23 V3

CP violation Cij = COS (97;]'; Sij = sin 91-3-
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Oscillations
Flavour Vu ? Ve V,uJ ? V,u Mass
Ve C12 s12 0 C13 0 8136_1.(S 1 0 0 41
vy = —s12 c¢i2 0 0 1 0 0 co3  S23 1%
U, 0 0 1 —S1 @ 0 C13 0 —S823 (23 U3
CP violation Cij = COS (97;]'; Sij = sin 91-3-
m2 . . B m2 N W, W

A

Am2, = 7.8 x 1075 eV?

Mass ordering

Am32, = 2.4 x 1073 eV?

Am?, =24 x 1073 eV?
1]
AmZ, =178 x 107°eV?

141 Vs

Normal Inverted
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More neutrinos?

Flavour Mass
Ve C12 s12 0 C13 0 8136_1.(S 1 0 0 41
V/~L = —S812 Ci12 0 0 . 1 0 0 Co3 523 V9
U, 0 0 1 —3136“S 0 C13 0 —s93 cCa3 Vs
VS Cjj = COS (97;]'; Sij = sin 91-3- V4

2 ?
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Liquid argon

Unprecedented detail in
Imaging neutrino interactions

»Including hadronic final state

Ve, Vi, NC, CC separation

Separation of interactions into
exclusive final states

nuBooNE

Proton
Candidate

14 cm Run 8617 Subrun 46 Event 2328

nBooNE

. '}"1 Photon
{ . candidates
}’2 ; :

Proton
Candidate
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oeeess - MicroBooNE - pioneering liquid argon

Electric field Calorimetry calibration Signal Processing:
calibration with lasers with crossing muons From raw signals on wires to
and cosmic muons and n° samples 2D reconstructed “hits"
Raw After Noise Filtering After 2-D Deconvolution ‘"
32500“03 : : : : : : : : : 7507 (a) (b) (c) e
s | 8 Catmrata a0 MicroBool™,
. m§ MicroBooNE Data % N / 3 i
wf i gm .
ik L JINSTm15220202mE)) Po3022 40 bcm) e
JINST 15 (2020) P07010 JINST 15 (2020) P02007 B 3y ‘ B
JINST 15 (2020) P12037 == £ ¥ N 2

Wire [3 mm spacing]

We have made the first complete assessment of
systematic uncertainties in a LArTPC
arXiv:2111.03556 10
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Searches in four v, final states

‘ ¥
- MicroBooNE 6.67 x102° POT ; 'c)z'i I(Z;S’B) ' 1 eNpOn MicroBooNE @86 x102° POT
' Fine:! 20 1 —— constrained pred'cticn v with n°
175 Background (3.2) 1 ==+ eLEE model (x = !) v other
' eLEE(x=1) > 1 mmm Dirt (Outside TPl ve CC
Model (11.6) ()] ¢
v 15.0 CCQE 181 p Constrained - 15 1 o mmm Cosmics : 4 BNB Data
7 Uncertainties o 1 —
125 = . — :
S 1
w
8 109 | - 1
- ]
UJ 1
0 'l
0 500 1000 1500 2000
200 400 600 800 1000 12 Reconstructed E, (MeV)
Reconstructed E, (MeV)
] 45K MicroBooNE 6.369 x 10” POT
E —e— BNB data, 338 Pred. uncertainty
MicroBooNE 6.86 x102° POT 40F ) Others, 10.0 NC,22.5
17.5 —— constrained prefliction ~ mmm Cosmics E v, CC, 193 v, CC,333.1
== eLEE model (x =l1) v with n® > 35 :_ = = = ¢LEE Model (x=1), 37.0
15.0 = Dirt (Outside TPg) ve CC [3] F
E v other 1 + snBData | S 30F 1 eX
12.5 1 o, E
=4 -
2 1€0pOrt = 2%
< 10.0 eupurt , 320k
%) 1 ‘a -
g 7.5 1 15 . 8T
s > 15 -
g 5.0 . moE
’ 1 10
25 : 5 Eie
0.0 — —— c- PR (N s S T e O v o s
500 1000 1500 2000 0 500 1000 1500 2000 2500

Reconstructed Ey (MeV) Reconstructed E, (MeV)

MicroBooNE search for electron-like appearance

Searches for photon excesses
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1IcroBooNE constraints on eV sterile neutrinos

10°E
C : [ LSND 90% CL (allowed)
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True cos(yLab)

= 8

% MicroBooNE 6.79 x 10°° POT, Preliminary
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* reinterpretation
A central value

uBooNE _
=

SIMULATION 150 MeV/c? scalar decay

Higgs portal scalar
boson search
Phys.Rev.Lett. 127 (2021)
15, 151803

standard neutrino direction @ 3
107 MeV e 107°F

143 MeV e~

......... 10 I IR P PR PR PR P P ead Fifin' i
------- 0 20 4 6! 80 100 120 140 160 180 200
Scalar mass mg (MeV/c?)

SIMULATION KDAR Absorber beam dump

l’lBOO@ o HNL Decay (Mass 304 MeV)
e

MicroBooNE NuMI POT:7.01 x 10%°

—— Observed Exp. 20
10-74 — =+ Expected Exp. 1o

Heavy neutral lepton
search
arxiv:2207.03840

|Upa)? Limit at 90% CL

250 300 350 14
HNL Mass [MeV]
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MicroBooNE - more to come

; 2.0E21
- Delivered POT - POT on tape

Run1 Run 2 Run 3, Rung4 Run 5

| I 1.5E21
I
/

,..; 1.0E21
“ “ b
0.0E00

2015 | | 2016 | 2017 - | 2018 | 2019 2020

Cumulative POT

|

This data (~50%) analysed so far

15
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1834 TPC is complete
. SBND Installation into cryostat this winter
Cathode covered with TPB coated reflectors Field Cage ) 'i‘ ) it B

2 Time Projection Chambers

UK-built

for a total of 4m x 4m x 5m '%)/;%://////////MW\\\\\\%\\\\

CAMIIINN

[TV

, Lol

=
\:\

Photo Detection System:

120 PMTs
192 X-Arapucas
e

~— Wire Plane
= 3 readout wire

| planes
~11000 wires

UK-built
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SBND physics programme

5000 v events per day

SBND (6.6¢20 POT) MicroBooNE (1.32¢21 POT) ICARUS (6.6e20 POT)

> 1.2M v, & 12k v, CC events per year < 10';BN‘PI;“[m;n‘ﬂ’r;":j CoyTTT T Ty

Q C . lr-ljf(:led f‘oim. :

] E 10 L Amil =1.32eV? .

Unprecedented understanding of 4k E
neutrino interactions on argon i
» Argon is a heavy, complex nucleus o T .. E

> Vital input to DUNE e ]
T

A near detector for SBN - B s
107 107 i g 10™ 1

sin226lle

Broad programme of BSM searches

18
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r A 10| g ] ot l
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L NC P " P calorimeter
S — > -;::- z » NuMl v, beam
- \Y . - -
[ *. Diffuse activity from . . 1 » Pioneering use of deep learning for
i nuclear recoil system T image classification in neutrino physics
[ ) 1 .
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.

............

NOVA (and T2K)

» 0,3 still consistent with 45°

»No strong preference between
mass orderings

»T2K drives a preference for d¢p
somewhere around 311/2

»Joint NoVA-T2K analysis
expected in the next few months

20
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NOVA and sterile neutrinos
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DUNE

Neutrinos M5, =-w2 Antineutrinos Ws.. = -2

1285 km 1285 km

Normal Ordering M, =0 Normal Ordering Hsc.=0
0 Sep = T2

1 2 3 45678 1 2 3 45678
Neutrino Energy (GeV) Neutrino Energy (GeV)
Neutrinos s = -2 0.14  Antineutrinos Mo, =2
1285 km 1285 km
0121 Inverted Ordering Es,=o0 0.1 Inverted Ordering Esc.=0
Sep =12 [ 18 =m2

530 1 2 3
Neutrino Energy (GeV)

4 567t

1 2 3 4 5678
Neutrino Energy (GeV)

Wideband beam enables dp
and the mass hierarchy to be
determined in the same
experiment

» Regardless of true values

45

DUNE Sensitivity

All Systematics

Normal Ordering

sin®20,, = 0.088 +0.003
sin’,, = 0.580 unconstrained

I 336 kt-MW-years
[ 624 kt-MW-years
1104 kt-MW-years
= Nominal Analysis
6,5 unconstrained

40

35

30

25

20

15

3. Resolution (degrees)

10

5

0 208060402 0 0204 0608 1 22

Cl
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Fermionic DM x, ap = 0.5, My = 3M

— On — &
===+ PRISM -24m
—— LDMX — Phasel

4

DM @ ND

CP violation
Mass hierarchy "

Precision oscillation
measurements

Supernova detection

el L

02 10
M, [GeV]

BSM physics
> Sterile neutrinos, dark
matter, non-standard
interactions, extra
dimensions...

Neutrino interaction pIe
physics

0 01 0.2 0.
eyl

| current bound
O Current bound

10?

104

DUNE physics programme

Normahzatlon systematlcs only
Ty

DUNE
Simulation

— DUNE ND+FD 90% C.L.
— DUNE FD-Only 90% C.L.
.Kopp etal. (2013)
Gariazzo et al. (2016)
DLSND 90% C.L.
— MiniBooNE 90% C.L.
— NOMAD 90% C.L.
-KARMEN2 90% C.L.
— MINOS and Daya Bay/Bugey-3 90% C.L>
— SBND + MicroBooNE + T600 90% C.L.

1 IIIII!I! | IIIIIIII 1 IA'IIII 1 1 IIIII| 1 IIIIIIII 1 1 1111H

T Il”l”l T IIIITHI T IIIIHII T IIIHHI T IIIIHII T T TTTI

N T AT L BT L BT = TS T = AT o
2
sin°28,, = 4|U U,

—68%
—90%
—95%

23
NSI
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UK is building the majority of
readout planes (APAs) for the first
10 kt module

» Major construction factory at
Daresbury

UK is providing the DAQ for the
first two 10 kt modules

» And contributing to ND DAQ

;Ja:qﬁﬂ

UK is delivering Pandora
reconstruction

x [em]

interaction vtx
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UK leadership in LBNF

Daresbury and RAL are world
centres of accelerator expertise

Producing RF cavities for the
PIP-11 upgrade for the LBNF 1.2
MW beam

» And eventual 2.4 MW goal

Delivering the LBNF proton
target
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sty marchese DUNE near detector
DUNE ND—Phase |

Multi-component near detector

. SAND it
» Highly segmented LArTPC
. « On-axis magnetized detector
> M agn etise d trac I(e r - Reuses KLOE magnet and ECal T™S
« Measures beam flux precisely, .
> Electromagnetic calorimeter en Hriages | ; Magnetized steel range stack

and sign from muons exiting

> Moveable components for off- NDLAY

axis measurements (DUNE-

NDLAr
PRISM
. . . . . + Liquid Argon TPC with high-

R|Ch NON-0SCI I Iat|0n thSICS * NDLAr+TMS move off axis up precision pixel readout
t0‘3ﬁ28-§ m . | « 7x5 array of 1x1x3 m® modules

p rog ramme : -axis movement samples * Provides identical material
different beam energies to target to FD modul

a1 . . disentangle flux and cross- SR Fo FENaCUs
» >100 million v interactions section uncertainties

26
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DUNE ND—Phase |l

. MCND
Multl—component near detector SAND
» More capable near detector to fulfill ultimate
1 . . hysi Is of DUNE
» Highly segmented LArTPC : gguzzflr(nLagger:zgg i . Eﬁéﬁ Ig?e%c:n'sec;aseou§ Ar detector+ ECal
> M ag ne tl se d traC ke r . nMoiaZ‘:rgsr;;Zm flux precisely, = ::&::a;l;v::r:s& r;:;emse reconstruction of
> Electromagnetic calorimeter | : «-'::j::m,,w/
» Moveable components for off- %
axis measurements (DUNE- :
PRISM) ===
PRISM = NDLAr
Rich non-oscillation physics > NDLATHMGNDTRovS G0 1 | " brociion el remciot
" _axi *« 7X5 f 1x1x3 m3 modul
programme Ciforont boarm eneroEa « Progides Wierical materlal
disentangle fl d - target to FD modules
> >100 million v interactions secfion uncertinties

27
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DUNE Near Detector - UK Involvement

Physics
> Studies for design and development
> Impact of ND on oscillation analyses
> Development of PRISM analyses
Phase |
» DAQ support for all detectors, leveraging work from DAQ development for FD modules

> Reconstruction and simulation, leveraging work from development for FD modules
» TMS

Phase Il
> Readout development for gaseous argon detector
» High-pressure GAr TPC test stand construction and operation
> Interest in pursuing further construction opportunities for Phase Il
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DUNE phase Il

7
The ultimate DUNE scope is . . Phase II
» Four far detector TPC modules with up to B 6:_ _
70 kt of liquid argon = - Phase IlI: no FD upgrade
cC 5_ ...........................................................................................
> A near detector that includes a liquid-argon I= N
TPC 5 . . I Phase
> A 1.2 MW beam upgradeable to 2.4 MW o[z o~
g g 3:_ ................................................. .,.,(.f./.:./. .............................
0] .
This is needed to achieve the DUNE physics g 5
goals as identified by P5 2 L
g 1 E_ //’/ 50% of 5., values
2nd Module of Opportunity workshop in o
Valencia, 2—4 November % "2 4 6 8 10 12
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>

>

>

>

>

1824

UK-led collaboration

Combine SiPMs and charge readout
pads on a single tile

Extends the DUNE ND pixel concept to
the FD

Can extend FD physics sensitivity to
lower energies (solar neutrinos)

Plan to install a physics prototype in
Boulby as part of the SOLAIRE project

LTI T T
bl

SoLAr pixel collabo

28 = ;
2200000 =5

ration

O

https://arxiv.org/abs/2203.07501
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CERN neutrino platform is a vital part of
the DUNE programme

ProtoDUNE programmes to demonstrate
the technology for our first two FD
modules

> And to make physics measurements of
charged particles in argon

Significant UK presence at the neutrino
platform

> APAs and DAQ provided for ProtoDUNEs

31
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/ Neutrinos at the LHC: FASERv

> A far-forward emulsion detector: 480 m from ATLAS, 1.3 t of tungsten-emulsion layers,
n> 8.8

LHC run 3 expectations: 1,300 v,, 20,000 v, and 20 v, at TeV energies

TeV-energy cross-section measurements

Forward particle production to validate underlying hadronic interaction models
Observation of heavy quark production in v interactions

arXiv:2105.06197: First neutrino interaction candidates at LHC from a prototype detector

UK involved in the silicon strip tracker that interfaces with FASER (Manchester, Liverpool,
RHUL, Sussex)

Spectrometer

A

0.55T

I

Charge ID

E energy ranges of
o~ E oscillated v, measurements e
© 0.9F-accelerator data E = 1
Q E<— IceCube v, ¥, |
&, pamlinorels L Veto FASERv
% o7 F < OPERA v, FASERv i system Emulsion IFT |1
— — E I —
2 0.6 S 08F Ly — 4
u\fo 5 S o 55 1 e > ﬁ
> U o 0. 1
5 € E 1 =
0.4 S o 4F \Y >
g 04F "
0.3 1 RY) o
02 = 03¢ T — 0.55T
04 L 0.2f I
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Neutrinos at the LHC: SND@LHC

> 1 tonne detector, 480 m from ATLAS, 7.2 < n < 8.4, ~2,000 neutrino interactions expected
> More off-axis than FASERNnu

Emulsion-tungsten target region, with downstream muon spectrometer
Ve and vy mainly produced in charm decays in ATLAS: enables constraints of charm PDFs
Also sensitive to feebly interaction DM-type particles produced in LHC collisions

YV V V V

UK (UCL & IC) contributing to track & vertex reconstruction, and emulsion purchase
PRL 122 (2019) 041101
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Conclusion

The UK is the leading non-US partner in the US neutrino programme
» Providing major hardware fundamental to DUNE and SBND
» Leading neutrino reconstruction algorithm development with Pandora
» Driving many physics analyses

» Enabling the LBNF and PIP-1l MW-beam programmes with proton-target and
RF-cavity delivery

CERN Neutrino Platform is integral to the DUNE programme

And the LHC is starting to do neutrino physics!

34



