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MOTIVATIONS
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FERMILAB NEUTRINO BEAM LINES
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J-PARC NEUTRINO BEAM LINE
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Rapid Cycle Synchrotron » 30 GeV proton beam from ]J-
=

(RCS)3 GeV 25 Hz

PARC Main Ring extracted
onto a graphite target

» Detectors 2.5° off the direction
of the beam centered around
0.6 GeV.

» Neutrino experiments:
- T2K
- Hyper-Kamiokande
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CERN "ACCELERATOR™ NEUTRINO PLATFORM

» European Strategy for Particle Physics 2013:“CERN should develop
a neutrino programme to pave the way for a substantial European

role in future long-baseline experiments”
» Part of the CERN Medium Term Plan (since 2015). CERN acts as a

hub for R&D on future technologies (HW and SW) and partner in
several neutrino “accelerator” research programs
» Current activities:

§ - ENPO1: ICARUS refurbishing and far detector in the SBN FNAL facility (now at FNAL almost ready for
¢ operation) ;
.‘ - NPO2: LAr double phase TPC demonstrator (ProtoDUNE DP)

£ - NP03: PLAFOND —generic detectors R&D

i - NPO04: LAr single phase TPC demonstrator (ProtoDUNE SP)

- NPO5: Baby Mind muon detector for T2K near (operational)

;- NPO6: ENUBET project (new in the NP)

t- NPO7: ND280 T2K near detector upgrade (new)

! - + agreed active participation in the construction and exploitation of the LBNF/DUNE and SBN US
programs

+ collaboration with DarkSide20k experiment



Accumulated POT

TOKAI-2-KAMIOKA (T2K)
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» T2K strategy in a nutshell:
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23 Jan. 2010 - 31 May 2018 v-mode 1.51 x 1021 (47.83%)
POT total: 3.16 x 10%! v-mode 1.65x 10%! (52.17%)

> Total proton on target (POT) collected: 3.1 X 10?! POT
- 1.5 % 10*! POT in v mode

- 1.6 X 10°! POT in 7 mode
» Beam power 500 kW! 7



OBSERVED EVENTS AT SUPER-KAMIOKANDE
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T2K Run 1-9 Preliminary
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OSCILLATION RESULTS (6, | A2, [, 6,5, 5,)
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T2K Run 1-9 Preliminary
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T2K IN THE NEXT DECADE (azka T2K-11): UPGRADED BEAM & DETECTORS
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Running up to when Hyper-Kamiokande starts Super-Kamiokande

> Including more final states in analysis > Gadolinium doping (SK-Gd)

> Use results from T2K replica target at NA61 > G enhances neutron detection
» Upgraded near detector suite (installation 2021)
Goal: reduce systematics to ~4%

Near detector suite (at 280m): Beam power schedule

Upgrade plan of MR

> It can help with U/, wrong sign
background rejection
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on the surface
14 kton (60 m x
15.6 m x 15.6 m)

~ Ash River

Sensitivity to mass hierarchy thanks to

International
Fal

matter effect =>determine sign of Am223

» Functionally identical near and
far detector

» Events are classified using a
Convolutional Neural Network

underground
300 ton (14.3 m x
4.1 mx4.1 m)

» Running at 700 kW since January 2017.
» 78% increase in exposure in 2018-2019 .,
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Events / 8.85x10“Y POT-equiv

NOVA FAR DETECTOR DATA
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78% more antineutrino running
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Evidence for U, appearance at 4.4¢0



NOVA OSCILLATION RESULTS

Best fit:
sin” 0,3 = 0.561007
Am3, = + 2.48 X 10°eV* (NH)
Scp = 0.0 7
> All values of o,p are allowed at 1.10 (NH,
Upper octant).
» IH, Op = g is ruled out > 4o.

» Inverted Hierarchy is disfavoured at 1.90.
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NOVA OSCILLATION RESULTS
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Lower octant (sin 65, < 0.5) disfavoured at 1.60

NOVA Preliminary
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NOVA FUTURE RUNNING

» Expected running up to 2025.
» Expected improvements for upcoming analyses:
- Accelerator beam intensity (50:50 neutrino:antineutrino running)

- Analysis improvements -
Near-Far Differences
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NEUTRINO-NUCLEON INTERACTIONS
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Neutrinos interact with nucleons bound in the nuclei = nuclear effects.
Nuclear effects also introduce a bias in energy reconstruction.

bfy‘_\/‘;ﬁ Vv,

Fermi
motion

Nucleon
correlations

| Final State
Interaction (FSI)

vV, K

L
0.0 0.5 1.0 L5 20 2.5
Reconstructed energy (GeV)

Phys. Rev. D 96,
092006 (2017

» Neutrino interaction model is essential to reduce neutrino oscillation systematic

uncertainties

» Need a global program of
measurements of diverse
type of interactions on
different target materials at
various range of neutrino

energies and flavours
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Absolute cross sections

T2K CROSS SECTIONS 2012 HIGHLIGHTS
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Three different off-axis angles, energies and detectors
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T2K ND280 CROSS SECTIONS 2012 HIGHLIGHTS
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MICROBOONE OVERVIEW
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Fermilab

Neutrino
Campus

MiniBooNE

Ctil) > Over the next couple of years two additional

detectors, ICARUS and SBND, will come online
joining MicroBooNE

» The goal of this program is to definitively
investigate the LSND allowed space.
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MICROBOONE LAR TPC
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10.4m

Liquid argon TPC.
» 3 planes of sensing
wires (0., +/-60.)

— 2.6m

» Sensitive to many detector effects

—

» Using data to perform direct calibrations of each
» It’s relevant for all LAr programme.
» Some already adopted by ProtoDUNE

» Surface detector:

- Main challenge is the cosmic rays

background

- 99.9% background reduction for

analyses

» 85-ton active volume

» System of 8-inch PMTs
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- Also source of important samples

for calibration etc.

Localized electric field distortions
MICROBOONE-NOTE-1055-PUB

Detector response functions

JINST 13, PO7007 (2018)

Readout uniformity
MICROBOONE-NOTE-1048-PUB

Electro-negative contamination
MICROBOONE-NOTE-1026-PUB

Induced charge responses
JINST 13, PO7006 (2018)

Event-by-event channel status
JINST 13, PO7007 (2018)

Electronics noise mitigation
JINST 12, P08003 (2017)

PMT Responses
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MICROBOONE RESULTS
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» First absolute cross section measurement from MicroBooNE: CCOrx

» Recent Yy CC inclusive cross section

pBooNF uBooNE

pBooNF

» First -Ar double differential

Cross section measurement
» Uncertainty is dominated by:
e P e T - Detector model (16.2%)

CC 0 pion

CC 1 pion CC multi-object + ...
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MICROBOONE
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» Many ongoing measurements
> https://microboone.fnal.gov/public-notes/

uBooNE _

Proton 1 Proton 2

CC Np: Important for
understanding Final
State Interaction (FSI)
and nucleon correlations

muon

Proton 3

Proton 4

CC 2-proton: Searching for
short range correlations

uBooNE_’_, :

Run $564
Sabrun 142
Event 7127

March 23", 2016

v, +Ar - p~ + l(‘_L
Bt + v,

uBooNE

Kaon~ ==
Production

Uy T
(%) MeV )K"

p* (125 MeV)
EM Shower

Run 5147 Event 2150

Charge Exchange o
Elastic
Scattering

Absorption

arxiv 1706.03621
Pion 'Production

NuMI: Run 5280 Subrun bt Event 3329

NuMli v, CC Inclusive

pBooN¥

BNBE DATA =

RUN 5519 EVENT

e o o o

6740
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170+

laboratories
and
universities

(4x10kt
fiducial) LAr

Sanford Underground
Research Facility,
South Dakota

T T T T T T T T T

L ]v, flux (A.U)
— 8, =0°,NH
~e- 8 =0°IH

—— 8= 90°, NH

Two detector tGChnOlogi og.  AXiv:1807.10334, 1807.10327,

1807.10340)
Single Phase Double Phase
‘ i’l’e/r‘“:/w";s Vwire plane waveforms /_ ;::: :; :u?l’ld
=i = == = = = = '/_I}g?::ftion
1 AN Multiplier
/ // !1 \\
/ | A\ “\__Extraction
C Grid
O : E
@‘f\ % i) l
< : 3 Cathod
= | |
i " It = ! =\l _pMmT
YW '[ y
e B —

— 8= 270°,NH

| | | | | | | | |

0.05

==
E, (GeV)

» 1.2 MW initial beam power
» Upgradeable to 2.4 MW
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DUNE LONG BASELINE OSCILLATION ANALYSIS OVERVIEWS
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DUNE SENSITIVITIES

CPV sensitivity, Normal Ordering MH sensitivity, Normal Ordering

10¢
[ DUNE Sensitivity | 7 years (staged) 30
- Normal Ordering O - DUNE Sensitivity 7 d
9: sin®26,, = 0.085 + 0.003 10 years (staged) " Normal Ordering ~ 7years (staged)
E 0,,: NuFit 2016 (90% C.L. range) ------ sin%,, = 0.441 + 0,042  sin®20,, = 0.085 + 0.003 | 10 years (staged)
8 25| 6,,: NuFit 2016 (90% C.L. range) *==-* $in%,, = 0.441 + 0.042
TF [
: 20~
o 6 — e xR emmteel L
X ~ - -' -------
= 5: I [ 50 \ N P
I C 21<15 v
° af 4
b 1of
2F- L _ L e
¥ ]
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-1 08-06-04-02 0 02 04 0.6 0.8 1 -1 -0.8-0.6-04-02 0 0.2 04 06 0.8 1
Ocp/T Ocp/T
Width of bands indicates variation in pOSSlble > 50 Sensitivity for both Orderings and

central values of 055 the full range of §.p

Updated analysis with full FD simulation & reconstruction, detailed systematic
uncertainties, including ND samples in progress, will be included in TDR (2 August 201269)



PROTODUNE: PROTOTYPING THE DUNE FAR DETECTOR DESIGN
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Two prototype detectors located at CERN neutrino platform
» Single phase and dual phase
» Test detector engineering, and demonstrate long-term operational stability
» Measurements with beam: September 19 2018:
- towards demonstrating calibration first track recorded
- 0.5 — 7 GeV particle beams (e, i, p, K)
- beam time limited by availability of CERN accelerators
» ProtoDune Single Phase : data taking in August — November 2018 —»
- Currently taking cosmics
» ProtoDune Double phase:
- Being filled with Ar. Data taking by the end of the year.

Single phase Dual phase

Dual phase
cryostat

Charged particle

beam line:

i 3 T, p, K e
| 6m drift 0.5 -7 GeV/c

Single phase
cryostat




HYPER-KAMIOKANDE R ]

B "PARC Main Ring
I (KEK-JAEA, Tokai)

ND280o

"""""

J-PARC Main Ring Fast Extraction Power Projection
1600 — ' Cor

Next generation of neutrino observatory in Japan

z - Rep.Rate(Hz:  + & i 1T E36 %
» Water Cherenkov detector < pof 0 0T oS0l 081080 =34
. 2 12001 "f;iv’;rkié‘g ERE
» Construction 2020-26 % ook %I,/gad%fp"” ERG
: 5 F N 26 &
» 260 kton water =Fid. Volume: ~ 8 x Super-K " so0f- 24 £
P 600~ 322 £
» Photocoverage: 40% (x2 SK sensitivity) J: EN
400 P 218
» Second staged detector possibly in Korea SN D I I D -
) . ) . 2014 2016 2018 2020 2022 2024 2026 2028
(>200km baseline, second oscillation maximum) - Fiscal Year
T2K T2K-11 HK28 >

— ————— . e



HYPER-KAMIOKANDE WITH BEAM ONLY
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» Aim to reduce systematics down to 3%
» Crucial suite of new detectors
- New WC detector @ ~750m
- (Further) refurbished on- and off-axis detectors

INGRID

WAGASCI-Baby MIND

Expected significance to exclude sino-p= 0 plotted as a function of true o,p assuming NH
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HYPER-KAMIOKANDE WITH BEAM-ONLY

» After CPV is determined, accurate measurement of o« will be crucial

» Sensitivity is limited by systematics = near detectors

LY (LA R R BN L R BN R LA R R
© _ I 1.3MW beam o]
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HYPER-KAMIOKANDE WITH BEAM AND ATMOSPHERICS

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

> Expected sensitivity to the mass hierarchy as  § -
a function of time £ £
» Even if MH not determined at that time, HK- f,, -
only can determine the MH at 50 after = 6 E f
years. " -
» The sensitivity highly depends on 6,5 value. °':'1'""z"""5""4""f'»""f's""7';u'n'né,',;;;§,;'(;;ﬁg's;

Expected significance to exclude sino-p= 0

plotted as a function of true o.p for beam-only
and beam+atmospherics atmospheric neutrinos

Fraction of .phase space at which a 3o
observation of CP violation can be made
as a function of time for NH and IH

10 e

— Unknown MH (beam)
— Unknown MH (beam+atm)
Known MH (beam)
g [ - Known MH (beam+atm)
6
4t
2+
0

-1.0m  -0.87 -0.57 -0.27 0.0m 0.27 0.57 0.8m 1.0

T — e ————————

1 T T
E I I I I 3
o 0.9 =
? =
5 08 3
- -
3
o 0.7 et e
O E e =
c 0.6 =
K] =
T 05 =
E ' —— Atm + Beam (Trus Normal) sirfe,=0.4 ]
0.4 — e Atm + Beam (True Normal) sirfg,,=0.5 ]
03 —@— Atm + Beam (True Normal) un‘ezzo.e _E
0.2 ——&— Atm + Beam (Trus Inverted) airf_=0.4
—&—— Atm + Beam (True Inverted) sirfa,,=05
0.1 =
—— Atm + Beam (True Inverted) 2irfa,,=0.8
0 | 11 |

111l 1 1 111l [
3 4 5 6 7 8 9 10
Running Time (Years) 31




SHURT BASELINE NEUTRINO (SBN) PROGRAMME

i -

ICARUS T600
476t Active Mass

T i gy ol o gD~ ARy NN
-— =

MlcroBooNE
89t Active Masst

e YR

Protons

rﬁ'éll'r'-ftm i

i

',/‘

ICARUS- Being installed.

MicroBooNE 102
Data taking by the end of Running
the year.
SBN aims to:

» study the baseline dependence of the appearance and
disappearance channels.

> make a high precision measurement on v-Ar cross sections

» develop LArTPC technology for future large neutrino
experiments like DUNE

SBND
Construction ongoing

Commissioning in 2020
Data taking in 2021

v, and V'Mdlslapplelz%rance




NOVA AND OPERA STERILE NEUTRINO SEARCHES

» NOvVA: No evidence of neutral current disappearance and limits sets.

» Being updated with increased U dataset and two-detector joint analysis.
NOVA Preliminary NOVA Preliminary

40 —
o B |
_ _ b :
1 <162 :. 1 0,<255°
1 0<29.8° g 1 0,,<315°
001020 3,0,,,;0 (90% C.L.) 1 (e8%C.L)
0,, (deg.) 92:4 (degrees) 40 ”
» OPERA: Final results arXiv:1904.05686
» v_and v, appearance channels were e — 3
combined for the first time to constrain “o so c :0
parameters of the 3 + 1 sterile mixing
model. | i
» For Amf1 > 0.1eV?, upper limits on o
sin® 26, and sin”26,, are set to 0.10 o 0
and 0.019 for NH and IH. The A= |
MiniBooNE best-fit values are excluded 10; e, N : Fooe
i P 10,4 G

with 3.3 significance. 33



arXiv:1504.04956, JINST 14(2019)03 P03025, CERN-SPSC-2019-010
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CMS

Proposed —— oo
siting of the ] I W 0 0STER
SPS Beam \ @ el A W REXHIE
T n-ToF i ) 2001/2015 EastArea
Target and hadron absorber Dump Facility m [
| S — CTF
Planned SHIP CDS by 2019

Dual detector system:

» Hidden Sector detector (HS) = search for new, weakly coupled, long lived
particles from the Hidden Sector

» Scattering and Neutrino Detector (SND) = neutrino physics and Light
Dark Matter searches

» SND based on re-development of
Opera concepts

» Magnet allows distinguishing between
neutrino and anti-neutrino
interactions

RPC prototypes built and
successfully operated for muon
flux and charm production
measurement at SPS in 2018

Testbeam at
DESY in 2019 .



FASER @ LHC

5P forward jets
iy =\

p-p collision at IP

LHC magnets

charged particles (P<7 TeV)

" 100 m of rock

of ATLAS| 480 m
[ —~— 1
Interaction Decay Charged particle
target=7 TeV p volume sweeping

\

h'd

Hadron stop
280 Ajpt

Detector

» First neutrino project from colliders = FASERv
» Pilot run in 2018. Preparing for physics run 2021.

» Possible studies with high energy neutrinos at the TeV scale

o,/E, (x10**cm?/GeV)

arXiv:1708.09389

Total 1000 emulsion films interleaved with 1-mm-thick tungsten plates

|

||

l

\

Detector surface
25cmx25cm

Emulsion film  Tungsten plate (1 mm thick)

T|
Vr-»>

i1 8 1Rl
1 s i uy

A

Emulsion detector with
Tungsten target

- Cross-section measurements of all flavours in unexplored energy region
- Search for new physics effects in high-energy neutrino interactions

e o 9
@ O
T T

e
»
T L L LB L

E E53 7,

DONUT v,, ¥,

FASER
Vv, int. spectrum (a.u.)

10°

10*
E, (GeV)

S

E energy ranges of

- oscillated v measurements
F <— IceCube v, V,
F<—| SK v, 7,

F<— OPERA v,

0.6

DONUT v, ¥,
FASER

v, int. spectrum (a.u.

E, (GeV)

Expected Yield in
2021-2023
___ [#of | Mean_
v_e+ 1296 827
v_H+ 20439 631
V_T+ 21 965
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NEXT FACILITIES

............................................................ ~20m ~50% of K* (lecay in the 40m l()llg decay tunnel Hadron dump

» Enubet: Based on conventional technologies ...

g 1\
. . . S b T o protondu
» Aiming for a 1% precision on the v, flux B !

protons — (K, ) —Kaon decays —v,—neutrino detector

> Aim: ~1 order of magnitude better v, and v, cross sections, search for New Phys.

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» USTORM: Physics goals: P i e,
- %-level electron and muon neutrino cross-sections T;‘}I,?ﬁ‘ . d %D:ey“
- Sterile neutrino searches, beyond SBN \\ ( ‘ )/

» Technology L

- Muon storage ring design that relies on R&D towards future Neutrino Factories.

- Very well known fluxes of v,, U e Uy and U,

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Snw | ESSUSB

/ > A design study for an experiment to measure CP
violation at 2nd neutrino oscillation maximum at ESS.

» Main challenge: modifications to ESS linac to produce
neutrinos. Aim for a 5MW beam power.
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ITEMS NOT COVERED

Other relevant and very interesting contributions:

» First Sub-Percent Exploration of PMNS Unitarity with LiquidO? (A.
Cabrera)

» Neutrino oscillation and CPT violation due to quantum decoherence at
DUNE (EN.D. Desposorio)

» Genuine, Matter-induced and Interference Components of CPV, TRV,
CPTV Asymmetries for Neutrino Oscillations (J. Bernabeu)

» Coherent Meson Production in the NOMAD Experiment (C. Kullenberg)

» Non-Standard Neutrino interactions: Current Status and Future
Prospects (M. Tortola)

» Probing Non-Standard Interactions with a Muon Decay-at-Rest Source
(S. Raut)
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CONCLUSIONS

» Current and future experiments addressing open questions as:
- CP violation
- Mass hierarchy
- Sterile and BSM particles
- Other mixing parameters

» It is supported by a programme that aims to reduce
systematics errors in cross section and flux

» Crucial support for current and future experiments from the
CERN neutrino platform.
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ADDITIONAL SLIDES
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GLOBAL FIT RESULTS: 32 FLAVOUR PARAMETERS

—===z=: NO, IO (with SK-atm)

NO, 10 (w/o SK-atm)

\{ " | II'I ”II\III |
L\ 1 i |
L\ 1 \
- / |
B /
i 3
0|IIII|IIII|IIII|\ | | II|IIII|IIII
0.4 045 05 0.55 06 065 -2.6 25 2.4 . 6
sin® 0,5 Am [10 eV2] Am,,
15 — —
N L
= L
< L
5_ —
0 IIIIII 1 | 1 | 1L
0.018 0.02 0022 0024 0026 0

sm e

http://www.nu-fit.org I. Esteban, C. Gonzales-Garcia, A.
Hernandez-Capezudo, M. Maltoni, W. Schwetz JHEP 01 (2019) 106

Global 6-parameter fit (November

2018)

Best determined:
> 012,013 Amzzp ‘Amszz‘
Am31 > O(NO)
Am32 < 0(0)|

[ Amg, =

' A””‘31

Pending issues:

« Mass ordering
« CP phase: >n?

e 0, maximality/octant

NuFIT 4.0 (2018)



http://www.nu-fit.org
http://dx.doi.org/10.1007/JHEP01(2019)106

PARTICLE BEAMS

» I’ll mainly focus on conventional e I“‘
neutrino beams, as described in this N
introduction %% m) ﬁ )\

» Characteristics: ’

» Well controlled in energy and timing Trget
» Neutrinos produced in z/K/u decays s

» Dominant source is pion decay
T p+uy, (BR=100%)

» Simple 2 body decay in CM system
0.43E

1 + y%6°
» Neutrinos boosted in the direction of 'g
the proton beam. . e i rnas

, Neutrino energy: £, ~

M. Strassler 2011




ACCELERATOR NEUTRINO EXPERIMENTS

................................ NPT ——
{ ' \
» Components of an  [eroton Beam Near

p ‘ Accelerator Decay Volume dump Detector Eaertector

accelerator neutrino — v, B = _——>

. T?et&%l—%ﬁns LL u_.L, v]
experiment : .
1L monitor
A A few 100m~ a few km g

a few 100km ~ a few 1000 km

<k =

» On-axis neutrino energy tightly related to hadron energy
» Off-axis, neutrino spectrum is narrow-band and softened. Used by NOvA

(14 mrad) and T2K (2.5°) Components of an accelerator neutrino

experiment
> 4 mrad of
— § 1 mrad of HH.H- OA 0-00 ]
- = 4t OA2.0° .
: - == 0A25°
. £ < "u.,ﬂ_
40 . >
Target Decay Pipe : r‘ : '
g2 : r?l >
> L 'e'
05 i, -*4 6 BT Al
v, appearance Il f\ E, (GeV) i
probability RY; 2
E, (GeV)




J-PARC NEUTRINO BEAM LINE

s

Near Detector

l()D1 im>

/

™

v

'
ll{ltlill |

\ARARARRNAA)

Pions are focused by
3 electromagnetic Horns.




ND280 DATA FITTING AND RESULTS

Parametrise cross section & flux models

» Constrain by fitting ND280 data

» Result of data fit reduces flux & interaction

model uncertainties at Super-K

» Also measure v-nucleus cross sections

» Impact on Super-K:

Sample w/o ND280| w/ ND280
v IR 14.6% 5.1%
v IR 12.5% 4,5%
v 1Re 16,9% 8.8%
v IRe 14.4% 7.1%
v IRet+1xz* 22.0% 18.7%

SK FHC v, Flux

Yy flux in  beam

s B 5.:.. | Prior to ND280 constraint _E
06 f— —+— After ND280 constraint —f
05 : | | lI 1 1 1 1 Ll ll 1 1 | ) N T I 1 :
10" 1 10
Neutrino Energy (GeV)
SK RHC v,, Flux
1.3

IIIIII

. fluxin

U beam

| Prior to ND280 constraint

0.7 — s

0.6 f— —*— After ND280 constraint _f

0.5 : 1 1 111 I 1 1 1 1 1 111l I 1 1 1 1 1 L1l I | :
107! 1 10

Neutrino Energy (GeV)
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T2K IN THE NEXT DECADE (azka T2K-11): UPGRADED BEAM & DETECTORS

Super-Kamiokande
» Gadolinium doping (SK-Gd)
w# » Refurbishment in 2018
» Start gradual addition of Gd in
2020
- Gd enhances neutron
detection

INGRID

WAGASCI-Baby MIND

» Larger angular acceptance.

» Better reconstruction efficiency

» Approx. 2 more events expected

» Reduction of out-of-fiducial-volume Vv, . /no
background K

- It can help with U, wrong
sign background rejection

\‘@Gd

)

'
@ %Mev

-

T
AT~30ups, Vertices within 50cm

45



CONSTRAINING PREDICTIONS

§ F B
- E —— ND data 8
s F ——— Base Simulation 2
2 Data-Driven Prediction =
% 4 -E-_ 4 %
o : <
: ;. 3 :
"ND Reco Energy (GeV) U 10° ND Events 10 F/N Ratio P(v,—v,) : FD Events - FD Reco Ene:gy (éev)s
Extrapolate Multiply by the far-to-near Convert back to
neutrino spectrum flux ratio (shape of beam at
L 1 reconstructed energy to
at the near detector far vs near detectors) and ‘6 far detect
1 1 compare to far detector
to the spectrum at the oscillation probability P

the far detector. data

to predict the true spectrum
at the far detector.
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NOVA SYSTEMATIC ERRORS

NOvA Preliminary NOvA Preliminary NOvVA Pre||m|na|'y
Neutron Uncertainty i ' — | | Detector Calioration 8 — | Near-Far Differences —
Detector Calibration | - _ | fino Cross Sections | — i Detector Calibration | - |
Neutrine Cross Sections Tl Muon Energy Scale 5 -l | veutrino Cross Sections Tl
Mucn Energy Scale 3 — | Jeutron Uncertainty [ Detector Response i -
Normalization ] Detactor Response | ] N Normalization i
Detector Response 3 v | Normalization| L] | Mucn Energy Scale 3 { N
Near-Far Differences | ‘ | ear-Far Differences - . N Beam Flux| ’ h
Beam Flux| ' N Beam Flux . Neutron Uncertainty i
Systematic Uncertainty — tematic Uncertainty | — | Systematic Uncertainty i _ B}
Statistical Uncertainty | (NI | S Unceneiy — Statistical Uncertainty " _

~0.05 , 0.05 ‘ 0.5

[ . Uncertainty in :_\.m32 (x107 eV¥) “Uncertainty in Scp/T

20
Uncertainty in sine,,, (x10°)

» Statistically limited
» The leading systematics are detector calibration, neutrino/antineutrino
Cross section uncertainties, and contributions from neutron response.

» Upcoming testbeam @ Fermilab will address many of these
contributions. m ~— 5 % ] e 3,'

Cu nrf;(T and

SOl | M alor




PTEP, Vol 2015, Issue 4, April 2015, 043C01

T2K-NOVA COMBINATION

; 2 . . . .
» T2K & NOVA combined results Predicted y~ for rejecting the sino-p = 0

h othesm as a functlon of 0
under way. e/ it cr

: COTK — ]
> Relevant correlations in the flux TKNOVA. — |

and cross section modelling will «_ «} o !
< 3 s < 3F
be accounted for. I NN B
» Combination breaks nearly L Nl j; 1 1
d fTZK 04;[0 100 SOV/‘OO 150 0% 150 100 50 0 50 100 150.
egeneracy o U, appearance Truo Beof? True o)
event rate predICtlonS at SK 11) (a) 1:0 T2K, 1:1 NOvA v, NH (b) 1:1 T2K, 1:1 NOvA v, NH
NH w/ 6.p >0 compared to the ez T
o . 105_ NOVA — NOvVA — /a
prediction in IH w/ op <O. | TR — o TENo —
o o o o o . . 6F
» Initial sensitivity studies in T2K % o % sf
E af
future sensitivity paper. T A oo s
; = ' 2f
,M\'&i/‘\\l
0150 -100 50 0 50 100 150 0%150 -100 -50 0 50 100 150
Dashed (solid) curves indicate studies where True 8¢p(°) True 8¢p(°)

normalisation systematics are (not) considered.
(c) 1:0 T2K, 1:1 NOvA v:w, IH (d) 1:1 T2K, 1:1 NOvA v, IH 48




PTEP, Vol 2015, Issue 4, April 2015, 043C01

T2K-NOVA COMBINATION

. , p T M e
The predicted y~ for 12 o NOvA — 12} oW —

10 ff N 10}
rejecting the incorrect _ . .
F F
L J 6 [
MH hypothesis, as a y
4 ] rys
function of o.p 1 S = T =
o: -rl \k 1 \——-—ﬁﬁ_ 0 L k. \-—-—-f(
150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150
True 3:p(°) True 5¢p(°)
(a) 1:0 T2K, 1:1 NOvA v:z, NH (b) 1:1 T2K, 1:1 NOvA v:v, NH
14 "l""l"'.'rl2'K'":'l""l""l"
12} NOVA —
T2K+NOVA —
10}
o~ o~ 8
2 =2
< 4 &
4r
2E ———
Dashed (solid) curves indicate studies where a 7 # ~ / 16,7,
normalisation systematics are (not) considered. ° -150-100 -50 0 50 100 150 07450 -100 50 0 50 100 150
True d¢p(°) True 8¢p(°)

(c) 1:0 T2K, 1:1 NOvA vz, IH (d) 1:1 T2K, 1:1 NOvA v, IH



NEUTRINO INTERACTION ERROR IN OSCILLATIONS FOR T2K

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Neutrino interaction model is essential to reduce neutrino
oscillation systematic uncertainties
» Example from T2K:

L L L BN B B L
CC-inclusive | | CCQE-like CC 1x
| cC other [ ]cC coherent

—
(\9]

\

[—y

\
NN
\\\\:

> f
cRpa
= f
o =
o I
o -
= 08F
Phys. Rev. Lett. 121, 171802, 2018 (\E :
TABLE I. Systematic uncertainty on far detector event yields. o> OOF
- " S 04f
) . . ‘ ~Q / ~| ) et
ND280-unconstrained cross section [|2.4(7.8( 4.1 [1.7|4.8 % ]
. - - . D ¢ P — 0
ll— lux & ND280-constrained cross sec.|3.3/3.2| 4.1 |2.7]|2.9 0
SK detector systematics 2.4/29(13.3|2.0(3.8
Hadronic re-interactions 2.2/3.0] 11.5 |12.0|2.3 R
Total 5.1/8.8] 18.4 [4.3]7.1 50455 Ml cCineiusie [l coase
¥ < 04F [ ]ccC other [ ]ccC conerent
£ 0 ) B035E
11 - 14 % before near S oAk
detector constraints 02
w 02F
\ y & -
£0.15F
X 0.1F
10 05F-
B i R
o 05 1 15 2 25




DUNE SYSTEMATIC ERRORS

Used in DUNE

Sensitivity
Calculations

Source of MINOS  T2K DUNE
Uncertainty Ve v, v,
Beam Flux 0.3% 3.2% 29
after N/F
extrapolation
Interaction 2.7% 5.3% ~ 2
Model
Energy scale ~ 3.5% included  (2%)
(V) above
Energy scale 2.7% 2.5% 20,
(ve) includes

all FD

effects
Fiducial 2.4% 1% 1%
volume
Total 5.7% 6.8%

» DUNE Conceptual Design
Report (CDR) arXiv:1512.06148

» The DUNE signal normalization
uncertainty is taken to be 5% 2%
in @ both neutrino and
antineutrino mode, where 5% is
the normalization uncertainty on
the FD vp sample and 2% is the
effective uncorrelated uncertainty
on the FD ve sample after fits to
both near and far detector data
and all external constraints

o1



HYPER-KAMIOKANDE WITH BEAM ONLY

» Expected significance to exclude sind-p= 0O plotted as a function of true o,p assuming

different constraints on the MH
» For illustration purposes. It is not using the latest systematic errors and fitting

program.
True NH
@ ;3 1_ LELEE R DL R L LR L RN RN I L )
e = R —— 30 CPV Significancs
3 = C
5 - 08 —— 50 CPV Significance —
E S T :
72 ; 0.6_— / 7]
> 2 R ’
© g 04F /_—
I i
02 ]
0 AR AR A AN A I B PRI T TN TN N W OO0 O O O B N
O 1 2 3 4 5 6 0_ L1 11 I L1 11 I L1 11 I L1l 11 I L1 11 I L1 1l I—
True SCP (®) 0 1 2 3 4 5 6
MH Significance (o)
True TH 1 True IH
@ . T unnown " § " —— 3 CPV Significancs I I
s 10F — 1|3 o
2 o - 08 — 50 CPV Significancs 4
S M S ] w : ]
!.E e MH Known — N i
& I _ ° 06 -
5 6 1 5§ ¢ / ]
> X ] 2 - i
~Ar SN E £ 04 B
) :_ \__/ N/ _: 02 i - ]
1 | | | | | | B
% 1 2 3 4 5 6 % i 2 § 4'1 § 6
True 3, (°) MH Significance (c) 59



SECOND FAR DETECTOR STAGING

» Install a 2rd detector in
Korea -
> Baseline>1000 km e % OAB 2.5 at HK

» Off-axis angle could

be 1.3°.

» Improved MH sensitivity
» Enhanced 6crimpact

Biprobability at Tochibora site (®,, =0.96) Biprobability at Bisul site (®,, =2.26)

B I T T T I T T T | T T T | T T T I T T T | D@ . T T T I T T T | T T T | T T T l T T T

; - H ; ; : N
\‘ \“u‘ | L
I~ > Y

i LN - . 5 N -
A " ; M N
-
— — - ' -~

0.02— ___________________________ . 0.02k o ‘\:‘:
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ICARUS INSTALLATION AT FNAL STATUS

Scheme of detector geometry

00000000000000000000000000000000000000000000000000000000000000000000000000000

» Operational at LNGS from 2010 to 2013

» In 2015, sent to CERN for refurbishment
» Shipped to Fermilab in June 2017
>
>
>

ICARUS Vacuum phase started on Jun5

Cryostat installation ongoing P hyost
. ' . Thermal
Passed Director's review Warm  insulation

vessel

Standard crosses

Safety valves

gﬁ_’;‘\ ﬁt. Ny -~ Argon exhaust piping

Con

nectivity tests
Decking

Cold shields valve boxes




STERILE NEUTRINOS AT NOVA

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

. v 1284007 POT 3
« o n2mo®eor 4

Eotvns EvornsWey

oL $ 2
o * ———g
L= [
02 04 0e 0E 1 ] 14 0
E* (GaV

LE, (metersMeV)

Phy=. Rev. D 64,
112007 (2001)

Neutrino Energy (GeV) Neutrino Energy (GeV) . ™
1 2, 10 1 107 10 1 /eglon 0.05 < Am?4 (eV?) < 0.5; A
: | ND :' _l"/FDl/ e No significant ND oscillations,
ks - .k e Rapid oscillations in FD — »
> 08 ! independent of Am2,,.
T - '
. _==3-Flavor Prob. -
>~ 08[~ ' 2 - A
- 04 ;_Mn? =05 92"2 : 0.4 e Am2,;>0.5eVy
[ —aAmg, =5 eV : -
0.2l 0.2 e ND oscillations become .V,
- mV
- significant, - '/:

102 10"

1 10
L/E (km/GeV)

00000000000000000000000000000000000000000000000000

» LSND and MiniBooNE observed an
excess of v,(U,) events in v, (DM) beams.

» Inconsistent with oscillations between
three neutrino flavors => fourth
neutrino with a mass splitting
Am?* ~ 1eV?.

» But from measurement I, at LEP the
number of light neutrinos =3

» Additional neutrinos must be sterile=>
simplest model (3+1 model).

Am241 <0.5eV2

1 —
e Dependence on Am?2. m




NEXT (NEXT) GENERATION: ESS2/SB

o & & 4 A A S S A A A A A A A LA A s A A A A s a2 90 0 OO0 OO0 00 0 O 0 0 0 0 O 0 O 0 O 0 0 O O 0 O 0 O 0 O 0 O 0 0 0O O 0 O O 0 0 O 0 0O 0 0 O O O 0 O 0 O O 0 O 0 O 0 0O O 0 0O 0 O 0 0 O 0 0 0 0 0 o \E:

Accumulator ring

Neutrino beam 7

540 km

to Garpenberg l

“Far Detector”
7/

"’ Neutrino
“Near Detector”

» A design study for an
experiment to measure CP
violation at 2nd neutrino
oscillation maximum.

» The ESS will be a copious
source of spallation neutrons.

» 5 MW average beam power.

» Main challenge: modifications to
ESS linac to produce neutrinos.

» The ESS proton pulse is too long for a conventional magnetic horn. =>
Accumulator (C~400 m) needed to compress to few ps the 2.86 ms proton pulses.
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» Based on conventional technologies, aiming for a 1% precision on the v, ﬂux

protons — (K, #) —Kaon decays —v,—neutrino detector
» “By-pass” hadro-production, PoT, beam-line efficiency uncertainties

removing the leading source of uncertainty in v cross section measurements

V L
. 5 5 S P

absorber | k

AN

Kf—-nle*v,

—p

N T

» Fully instrumented K decay region

» v, flux prediction = e counting

» R&D ongoing on beamline/detector and
work on software
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NUSTORM

p
l ,u+ — e+ue Vu
Target pooor € Vel
Horn
K\ ﬁ Dump
E ﬁ (V; ,EV;L Detector

» Physics goals:
> %-level electron and
muon neutrino cross-
sections
» Sterile neutrino
searches, beyond SBN

» Technology
» Serve 6D cooling experiment
& muon accelerator test bed

factory and muon collider

Future far targe: [
CCS coordinates [*
X=-1051

» Required in p-driven neutrino

W\
s E————— \

» Neutrinos from Stored Muons

= > precise neutrino flux

» Normalization <1%

» Energy (and flavour)
precise

CERN Option:
» Extraction from SPS through
existing tunnel
» Siting of storage ring:
» Allows measurements to be
made ‘on or off axis’
> Preserves sterile search option
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