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Towards Hyper-Kamiokande

Kamiokande Super-K Hyper-K
Operation 1983-1995 1996— 2027-

Mass (fiducial) 4.5 (0.68) kton 50 (22.5) kton 258 (187) kton

@ Hyper-K under construction, building on decades of expertise

@ Fiducial mass increase > X8, relative to Super-K

@ ~20k improved 20" PMTs with ~ x2 photo detection efficiency, relative to
Super-K PMTs

o Addition of ~800 fine-grained “mPMTSs", enhancing reconstruction & providing
cross-calibration with 20" PMTs
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Towards Hyper-Kamiokande
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@ Hyper-K under construct \)x\(\inding on decades of expertise

@ Fiducial mass incre-. \f9 2% 3, relative to Super-K

o ~20k i |mprove' 8% MTs with ~ x2 photo detection efficiency, relative to
Super-K P: \\0(

@ Addition of ~800 fine-grained “mPMTSs", enhancing reconstruction & providing
cross-calibration with 20" PMTs
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Hyper-Kamiokande v, & 7,, beam
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Hyper-Kamiokande v, & 7,, beam

@ 20 times more stats at far detector than T2K, in 10 HK-years
» J-PARC beam upgraded to 1.3 MW
» New 188 kt fiducial far detector

@ On-axis near detector (INGRID)

e Upgraded off-axis near detector (ND280-upgrade)

@ New Intermediate Water Cherenkov Detector (IWCD)
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Hyper-Kamiokande v, & 7,, beam

@ 20 times more stats at far detec? (,“e?u T2K, in 10 HK-years
» J-PARC beam upgraded S,QP‘ VW
» New 188 kt fiducia',b\oo\i" .ector

@ On-axis near detpe&,z;\\?..\lGRlD)

e Upgraded o*“o(eé..ear detector (ND280-upgrade)

@ New Interm .iate Water Cherenkov Detector (IWCD)
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ND280-upgrade
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@ Upgrade to T2Ks magnetised off-axis near detector @ 280 m
@ Increased efficiency for

» Low-momentum tracks

» High-angle tracks
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ND280-upgrade

@ Upgrade to T2Ks magnetised off-axis near detector @ 280 m

@ Increased efficiency for

» Low-momentum tracks
» High-angle tracks

@ Complete upgraded detector has been taking data this year!
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ND280-upgrade
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@ Upgrade to T2Ks magr‘so\)\'$qrf—axis near detector @ 280 m
e Increased efficienc: e
e
» Low-mor (eé .« tracks
» High-a ™' _ tracks

@ Complete upgraded detector has been taking data this year!

Tom Dealtry (Lancaster University) Hyper-Kamiokande Oscillation Physics September 16th, 2024 9 /41


mailto:t.dealtry@lancaster.ac.uk

Intermediate water Cherenkov detector (IWCD)

@ Water Cherenkov detector @ ~1km
» Brand new detector & facility for the Hyper-K era

@ Novel moving detector, providing measurements of neutrino
interactions across a range of ~1.5—4° off-axis angles, allows
» Creation of narrow beam for cross-section analyses
» Reconstruction of the oscillated flux

VPRISM, v Mode, VM Flux <1013

Arb. Units

Off-axis Angle (°)

L I T 3 4
Neutrino Energy (GeV)
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Intermediate water Cherenkov detector (IWCD)

@ Water Cherenkov detector @ ~1km
» Brand new detector & facility for the Hyper-K er('\%ﬂ\
@ Novel moving detector, providing measureme:, 9 1ieutrino
interactions across a range of ~1.5-4° ~{¢0® "angles, allows
» Creation of narrow beam for crf‘g’&,’b\ .on analyses
» Reconstruction of the osci! (\(\e( Lux
O
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Hyper-Kamiokande physics
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v CP violation Proton decay
Precision v oscillation measurements Supernova burst v and many more...
Solar v Diffuse supernova v background
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Neutrino oscillation open questions

Hyper-K has sensitivity to Beam Atmospheric Solar

dcp v v
013 v v
03 v v
|Am3,| v v
Mass ordering v v
012 Ve
Am3; v
Normal Ordering (NO) Inverted Ordering (10)
m* 4 . +m* @ |s there CP violation?
’ Am2, " Does sin d¢cp = 07
Am3, B @ Is 6,3 maximal (= 45°)7
Am3, If not, which octant (< or > 45°)?
Am2, . e Which mass ordering?
e EE— Am3, < or > 07?
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Beam-only sensitivities

How to make neutrinos

How do you
shoot neutrino?

A target ready?
Hit by protons!

2

Proton Punch
J-PARC'’s special.

higgstan.com

Tom Dealtry (Lancaster University)

Neutrinos
are shot!

Simple
and s
— Powerful...

Target
will be hit by powerful protons.

©¥uki A, higgstan.com

Standard Hyper-K analysis will be
beam + atmospherics

For these beam-only results
@ Assuming true normal mass
ordering is known
» Approximates effect of
adding atmospheric
samples
@ Using a constraint on
sin?(6y3) from reactor
experiments
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Hyper-K neutrino beam analysis method

Neutrino flux

Hyper-K Flux for Neutri

Constrain
models

with near

__ detectors

Neutrino xsec

ND280-upgrade
& IWCD

vumneﬁml%(m'an’lao")

o 5o e
o RN 5 & » . &

@ Using T2K analysis method

Tom Dealtry (Lancaster University)

Fit constrained
models to
far detector
data

Hyper-Kamiokande Oscillation Physics

Satsics oy

Improved syst. (v,19, xsec. error 2.7
7

T2K 2020 syst
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& V. appearance probabilities @ 295 km
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e Hyper-K v & © beam flux peaks ~0.6 GeV
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Ve & U, appearance probabilities @ 295 km

Newtrino_

~Antineutrino_

04 06 08 1 12 14 16 18 2
E. (GeV)

18 2
E, (GeV)

e Hyper-K v & © beam flux peaks ~0.6 GeV
@ Qicp = —7/2

» U, appearance enhanced; U, appearance suppressed

Tom Dealtry (Lancaster University)
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Ve & U, appearance probabilities @ 295 km

Antineutrino
I I L Nolrmal <I)rderilng I
- ==+ Inverted ordering

18 2
E. (GeV)

@ Hyper-K v & v beam flux peaks ~0.6 GeV
@ Qicp = —7/2
» U, appearance enhanced; U, appearance suppressed

@ Unknown mass ordering (solid vs dashed) complicates dcp measurement
» Hyper-K can use atmospheric data to exclude incorrect MO
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Event samples

Electron event Muon event _

Expected event rate @ 10 years (2.7E22 POT),
viv =13, 06cp =0
v-mode beam, 1-ring pu-like ~8800
7-mode beam, 1-ring pu-like ~12000
v-mode beam, 1-ring e-like + O decay e ~2100
7-mode beam, 1-ring e-like + 0 decay e | ~1800
v-mode beam, 1-ring e-like 4+ 1 decay e ~300
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1-ring e-like + 0 decay e event samples

v-mode beam

Far Detector, v mode, 1-ring e-like + O decay e
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Hyper-K preliminary Electron reconstructed momentum (GeV/c)

10 years (2.7x10% POT 1:3 v)
True Normal Ordering, sin6,,=0.0218, sin’8,,=0.528, Am?,=2.509x10"°eV?/c*
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e Oscillation Physics

v-mode beam
Far Detector, V mode, 1-ring e-like + O decay e
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Hyper-K preliminary Electron reconstructed momentum (GeV/c)

10 years (2.7x10% POT 1:3 v)
True Normal Ordering, sin’6,,=0.0218, sin’8,,=0.528, Am2,=2.509x10"°eV’/c", & ,=-1.601

Far Detector, V mode, 1-ring e-like + O decay e
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Hyper-K preliminary Electron reconstructed momentum (GeVi/c)

10 years (2.7x10% POT 1:3 v¥)
True Normal Ordering, sin6,,=0.0218, sin6,,=0.528, Am?,=2.509x10°eV?/c*
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Systematics

@ Hyper-K has high statistics
@ Must work to reduce systematics as much as possible
* Improved xsec/flux model constraints from new IWCD / ND280-upgrade
* Comprehensive calibration scheme leveraging 20" PMT / mPMT cross-calibration
* Higher statistics available in control samples
@ Must work to produce a more sophisticated error model
* An error model with more degrees of freedom is required
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Systematics

@ Hyper-K has high statistics
@ Must work to reduce systematics as much as possible
© Must work to produce a more sophisticated error model (Future work)

@ Going to show sensitivities with a range of systematics scenarios

@ T2K 2020 systematics

» Where we are now

© Improved system

atics

» Where we want to be with ND280-upgrade, IWCD, & increased statistics
» Produced by scaling T2K systematics based on ND280-upgrade/IWCD sensitivity

@ Statistics only

» ldeal case of no systematics

Total percentage error on sample event rates:

p-like e-like
Error model || v-mode | ¥-mode || v-mode | -mode | v-mode || v/ modes
0d.e. 0d.e. 1de. 0d.e.
T2K 2020 3.0% 4.0% 4.7% 5.9% 14.1% 4.6%
Improved 1.2% 1.1% 2.1% 2.2% 5.2% 2.0%

Tom Dealtry (Lancaster University)

Hyper-Kamiokande Oscillation Physics

September 16th, 2024

23 / 41


mailto:t.dealtry@lancaster.ac.uk

Systematics

@ Hyper-K has high statistics
@ Must work to reduce systematics as much as possible
© Must work to produce a more sophisticated error model (Future work)

@ Going to show sensitivities with a range of systematics scenarios

@ T2K 2020 systematics

» Where we are now

© Improved system

atics

» Where we want to be with ND280-upgrade, IWCD, & increased statistics
» Produced by scaling T2K systematics based on ND280-upgrade/IWCD sensitivity

@ Statistics only

» ldeal case of no systematics

Total percentage error on sample event rates:

p-like e-like
Error model || v-mode | ¥-mode || v-mode | -mode | v-mode || v/ modes
0d.e. 0d.e. 1de. 0d.e.
T2K 2020 3.0% 4.0% 4.7% 5.9% 14.1% 4.6%
Improved 1.2% 1.1% 2.1% 2.2% 5.2% 2.0%

Tom Dealtry (Lancaster University)

Hyper-Kamiokande Oscillation Physics

September 16th, 2024

24 / 41


mailto:t.dealtry@lancaster.ac.uk

Systematics

@ Hyper-K has high statistics
@ Must work to reduce systematics as much as possible
© Must work to produce a more sophisticated error model (Future work)

@ Going to show sensitivities with a range of systematics scenarios

@ T2K 2020 systematics

» Where we are now

© Improved system

atics

» Where we want to be with ND280-upgrade, IWCD, & increased statistics
» Produced by scaling T2K systematics based on ND280-upgrade/IWCD sensitivity

@ Statistics only

» ldeal case of no systematics

Total percentage error on sample event rates:

p-like e-like
Error model || v-mode | ¥-mode || v-mode | -mode | v-mode || v/ modes
0d.e. 0d.e. 1de. 0d.e.
T2K 2020 3.0% 4.0% 4.7% 5.9% 14.1% 4.6%
Improved 1.2% 1.1% 2.1% 2.2% 5.2% 2.0%

Tom Dealtry (Lancaster University)

Hyper-Kamiokande Oscillation Physics

September 16th, 2024

25 / 41


mailto:t.dealtry@lancaster.ac.uk

sindcp # 0 sensitivity

@ For a true value of dcp, how much can we exclude CP conservation? (0cp = 0, £7)

Statistics only
------------- Improved syst. (v./V, Xxsec. error 2.7%)
......................... T2K 2020 syst. (v./V, xsec. error 4.9%)

U e
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-3 -2 -1 0 1 2 3

True &,
Hyper-K preliminary
True normal ordering (known), 10 years (2.7 x 10*2 POT 1:3 v¥)
sin’8,,=0.0218+0.0007, sin’8,,=0.528, AmZ,=2.509x10%eV?/c*
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sindcp # 0 sensitivity

@ For a true value of dcp, how much can we exclude CP conservation? (0cp = 0, £7)

Statistics only
Improved syst. (v./V, Xsec. error 2.7%)
T2K 2020 syst. (v./V, xsec. error 4.9%)
SUFT— 1
=t .
< 12f .
5 10} N
3 8r 3 .
gg 6: " \ 1
o ]
O 4f ]
i A
IeU 2: "Vf‘ 3 :
B ool L1 WL
-3 -2 -1 0 1 2 3
True &,

Hyper-K preliminary
True normal ordering (known), 10 years (2.7 x 10*2 POT 1:3 v¥)
sin’8,,=0.0218+0.0007, sin’8,,=0.528, AmZ,=2.509x10%eV?/c*

Ve/Ue cross-section error drives
this measurement

@ 4.9% for T2K based on
theoretical considerations

@ 2.7% for Improved based on
ND280-upgrade & IWCD
sensitivity
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sindcp # 0 sensitivity

@ For a true value of dcp, how much can we exclude CP conservation? (0cp = 0, £7)

Statistics only
Improved syst. (v,/v, Xxsec. error 2.7%)
T2K 2020 syst. (v/V, xsec. error 4.9%)
T L I e S
X F
< 12f
S 10 =\
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I
o of
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@O 2_ f‘ K :‘: ”', 4
‘D Ofl.."|....\H.V.H\....lw..lf
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3
True 8.5
Hyper-K preliminary
True normal ordering (known), 10 years (2.7 x 10?2 POT 1:3 v¥)
sin0,,=0.0218:0.0007, sin0,,=0.528, Am3,=2.509x10°eV?/c*

Ve/Ve cross-section error drives
this measurement

@ 4.9% for T2K based on
theoretical considerations

@ 2.7% for Improved based on
ND280-upgrade & IWCD
sensitivity

With Improved systematics

@ Exclude CP conservation for
62% of true dcp values @ 50
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sin 0¢cp # 0 sensitivity vs time

@ What % of true values of dcp where we can exclude CP conservation,

as a function of time?

Statistics only
------------- Improved syst. (v/V, xsec. error 2.7%)
......................... T2K 2020 syst. (v,/V, xsec. error 4.9%)
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Hyper-K preliminary HK years (2.7x10%' POT/year 1:3 vv)

True normal ordering (known)
sin°0,,=0.0218+0.0007, sin°0,,=0.528, Am2,=2.509x10eV?/c*
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sin 0¢cp # 0 sensitivity vs time

@ What % of true values of dcp where we can exclude CP conservation,

as a function of time?

Statistics only
Improved syst. (v /v, xsec. error 2.7%)
T2K 2020 syst. (v /v, xsec. error 4.9%)

—_
o
o

With Improved systematics
@ 50% in <2 years @ 30

d.p values excluding sin 3.,=0 [%]
&)
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E;.uu vl

4 6 8
Hyper-K preliminary HK years (2.7x10%' POT/year 1:3 v¥v)

True normal ordering (known)
sin°8,,=0.0218+0.0007, sin°8,,=0.528, Am2,=2.509x10°eV?/c*
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sin 0¢cp # 0 sensitivity vs time

@ What % of true values of dcp where we can exclude CP conservation,

as a function of time?

Statistics only
Improved syst. (v /v, xsec. error 2.7%)
T2K 2020 syst. (v /v, xsec. error 4.9%)

—_
o
o

With Improved systematics
@ 50% in <2 years @ 30
@ 50% in ~5 years @ 50

|||||||||||||||||||||||||
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Hyper-K preliminary HK years (2.7x10*' POT/year 1:3 v¥)

True normal ordering (known)
sin°8,,=0.0218+0.0007, sin°8,,=0.528, Am2,=2.509x10°eV?/c*
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dcp resolution sensitivity

@ How accurately can we measure the value of dcp, as a function of true d¢cp?

Statistics only

...... «-----. Improved syst. (v /V, xsec. error 2.7%)

------ =----=.Improved syst. (v /V, xsec. error 4.9%)

............. e T2K 2020 syst. (v/V, xsec. error 4.9%)
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Hyper-K preliminary

True normal ordering (known), HK 10 Years (2.7x10%? POT 1:3 vV)
sin’8,,=0.0218£0.0007, sin’6,,=0.528, Am3,=2.509x10 eV?/c*
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dcp resolution sensitivity

@ How accurately can we measure the value of dcp, as a function of true d¢cp?

Statistics only With Improved systematics
------ «------ Improved syst. (v ,/V, Xsec. error 2.7%) v./T. xsec. error 2.7°
------ «-----. Improved syst. (v,/V, xsec. error 4.9%) ( e/ € ' : A))
P L T2K 2020 syst. (v/V, Xsec. error 4.9%) o 20.2° for

o D

g | oo S ] true ocp = —7/2 = —90°

5, 20F .

§ @ 6.3° for true cp = 0

15

IOO

S 10,‘”

S f :

o r ]

S | S E N RN AT I I IV I

-150 -100 -50 0 50 100 150
o Op (degrees)
Hyper-K preliminary

True normal ordering (known), HK 10 Years (2.7x10%? POT 1:3 vV)
sin’8,,=0.0218£0.0007, sin’6,,=0.528, Am3,=2.509x10 eV?/c*
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dcp resolution sensitivity

@ How accurately can we measure the value of dcp, as a function of true d¢cp?

Statistics only Hyper-K is predominately sensitive to
------ «------ Improved syst. (v ,/V, Xsec. error 2.7%) difference between v. & 7
------ «-----. Improved syst. (v./V, Xsec. error 4.9%) € €
g o T2K 2020 syst. (v/V, xsec. error 4.9%) measurements
& BT T )
8 ¢ S {1 @ CP-odd (sinécp) term of
5?20; ] oscillation probability
:%15; @ sindcp varies more quickly at CP
< 10F- ] conserving values
A L
’g = <=4 — Smaller uncertainty at sindcp =0
(] L ]
8 bl b e e 1
-150 -100 -50 0 50 100 150
Op (degrees)

Hyper-K preliminary
True normal ordering (known), HK 10 Years (2.7x10%? POT 1:3 vV)
sin’8,,=0.0218£0.0007, sin’6,,=0.528, Am3,=2.509x10 eV?/c*
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dcp resolution sensitivity

@ How accurately can we measure the value of dcp, as a function of true d¢cp?

Statistics only Ve/Ve xsec. error has large effect on
------ «------ Improved syst. (v ,/V, Xsec. error 2.7%) diff b —
ITference between v, v
------ «----=- Improved syst. (v./V, xsec. error 4.9%) € & e
gl o T2K 2020 syst. (v./V, xsec. error 4.9%) measurements
] PR S B BESSR RS

@ CP-odd (sindcp) term of
oscillation probability, P (v, — ve)

N
o

[y
o1

@ Uncertainty on this term
oP (VH — Ve) /85CP X COos (5CP)
@ At sindcp = 0, that uncertainty is
maximal

[EnY
o

a1

Io error on 3, (degrees)

-150 -100 -50 0 50 100 150 : _ .
3., (degrees) At sindcp = 0, uncertainty

Hyper-K preliminary dominated by v, /T, xsec. error
True normal ordering (known), HK 10 Years (2.7x10%? POT 1:3 vV)
sin’8,,=0.0218£0.0007, sin’6,,=0.528, Am3,=2.509x10 eV?/c*

o
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Beam + atmospheric sensitivities

Cosmic ray

How to make neutrinos

How do you
shoot neutrino?

A target ready?
Hit by protons!

Good
question!

21

Neutrinos
are shot!

Simple
nd

— Powerful..

Proton Punch Target
J-PARC’s special. will be hit by powerful protons.

higgstan.com

Proc.Japan Acad.B 86 (2010) 303-321
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Atmospheric neutrino oscillations

ve flux (relative difference to no oscillations) versus true neutrino energy ©

nue flux (relative to no oscillations) - 1

€0sO =-0.8

c0S 0 ,enit, = 0.8

NH, sin’6,,=0.4, sin’6,,=0.025, 5=40°

2 (2
cos© =-0.8 NH, sin’0,,=0.6, sin0,,=0.025, 5=40°

1

N

10

08 @ m‘;’rﬂ;er:celerm 0.8
0.6 “** Bisresonance terl 0.6
0.4 0.4
0.2 0.2
0 0
-0.2 | -0.2
-0.4 j  -04 .
10" 1 10 10/ Orc_iermg normal
vs inverted
1 c0s6,=-0.8  NH, sin’0,,=0.6, sin’0,,=0.025, 6=220° 1 c0s0,=0.8  IH, sin’,,=0.6, sinky,,=0.025, 5=40°
0.8 (€ dcp = .
06 F 220° vs 40°
04
0.3 E Y o
-0.2
-0.4 P o
-1
10 1 10
Ev(GeV) Ev(GeV)

@ Resonance in v, or 7, multi-GeV events, depending on the mass ordering
@ (p3 octant sets magnitude of the resonance
@ 0cp sets scale/direction of ~1 GeV interference
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sin dcp # 0 sensitivity with unknown mass ordering

@ For a true value of d¢p, how much can we exclude CP conservation? (0cp = 0, £7)

HK 10 years (2.70E22 POT 1:3 viV)

— 18
W [ =————— Beam (Known MO)
16~
< e Beam (Unknown MO)
— uE Atmospherics (Unknown MO)
= F ————— Combined (Known MO)
o - S Combined (Unknown MO)
=] o
< 10F
5 sF m
o = /S N\ 70 y4 _\\
I 6F / N\ /7 T N\
~ S/ N\ 56/ \
SR 4 \ e \
< -/ \ 36 / .. \
£ LB/ S\ N\
z =/ NN, K\
OV'\\W\\\
-3 -2 -1 0 1 2 3
Hyper-K preliminary True &
CP

True normal ordering, improved syst. (v./V, xsec. error 2.7%)
$in%(0,,)=0.0218 sin*(6,,)=0.528 IAm3, = 2.509 x 10~ eV%/c*

Based on 2018 T2K & 2019 SK analyses, including reactor
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sin dcp # 0 sensitivity with unknown mass ordering

@ For a true value of d¢p, how much can we exclude CP conservation? (0cp = 0, £7)

18
16
14
12
10

0 exclusion ( VTXZ)

sin(dqp) =
[} [} s (=} o0

HK 10 years (2.70E22 POT 1:3 viV)

Hyper-K preliminary

True normal ordering, improved syst. (v./V, xsec. error 2.7%)

o Beam (Known MO)

SEETTITITIPTPIPN Beam (Unknown MO)

il Atmospherics (Unknown MO)

E Combined (Known MO)

SRR Combined (Unknown MO)

: / N\ A N\

c — N\ Y A

2 / N S0 [/

A \ /

4 \J3o / .-

-/ NN/ s

-/ SN\ - K\

-3 -2 -1 0 1 2 3
True d¢p

sin%(0,,)=0.0218 sin*(8,,)=0.528 IAm3, = 2.509 x 107 eV?/c*

@ Solid blue/black lines show case where mass ordering is known

» Addition of atmospherics enhances sensitivity slightly

Based on 2018 T2K & 2019 SK analyses, including reactor
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sin dcp # 0 sensitivity with unknown mass ordering

@ For a true value of d¢p, how much can we exclude CP conservation? (0cp = 0, £7)

18
16
14
12
10

0 exclusion ( VTXZ)

sin(dqp) =
[} [} s (=} o0

HK 10 years (2.70E22 POT 1:3 viV)

Hyper-K preliminary

True normal ordering, improved syst. (v./V, xsec. error 2.7%)

o Beam (Known MO)

SEETTITITIPTPIPN Beam (Unknown MO)

il Atmospherics (Unknown MO)

E Combined (Known MO)

SRR Combined (Unknown MO)

: / N\ N\

F / N\ Y A \

- / N S0 [/ 4

A \ /

4 \ 36 / R L \

-/ NN/ s

-/ SN\ - K\

-3 -2 -1 0 1 2 3
True d¢p

sin%(0,,)=0.0218 sin*(8,,)=0.528 IAm3, = 2.509 x 107 eV?/c*

@ Dashed blue/black lines show case where mass ordering is unknown

» Addition of atmospherics gives large improvement

Based on 2018 T2K & 2019 SK analyses, including reactor
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@ Presented dcp sensitivities based on 10 years of beam data & improving on
T2K-2020 error model based on sensitivity of ND280-upgrade & IWCD

> Please ask about sensitivities to sin(623), Am2,, sin®(613) (in backup)

» Paper coming soon!
» Adding atmospheric neutrino data, we see enhancement of sin §cp # 0 sensitivity

* Whether the mass ordering is known or unknown
@ Hyper-K has high statistics

» Must work to reduce systematics as much as possible
» Must work to produce a more sophisticated error model

@ Ultimately, we will use solar data & measure solar parameters
» Unitarity test of the PMNS matrix in a single experiment
@ Hyper-K will start data taking in 2027
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© Bonus sensitivities
@ Resolution sensitivity of other parameters (beam only)
@ sin?(f3) = 0.5 exclusion sensitivity (beam only)
@ Wrong sin®(fa3) octant exclusion (beam only)
@ sin?(f,3) mirror point exclusion (beam only)
@ Mass ordering sensitivity (atmospherics 4+ beam)
@ sindcp # 0 sensitivity with unknown mass ordering (atmospherics + beam)

© Far detector samples

@ Systematic errors
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© Bonus sensitivities
@ Resolution sensitivity of other parameters (beam only)
@ sin?(f3) = 0.5 exclusion sensitivity (beam only)
@ Wrong sin®(fa3) octant exclusion (beam only)
@ sin?(f,3) mirror point exclusion (beam only)
@ Mass ordering sensitivity (atmospherics 4+ beam)
@ sindcp # 0 sensitivity with unknown mass ordering (atmospherics + beam)
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Resolution sensitivity of other parameters

Statistics only

Improved syst. (v./V, xsec. error 2.7%)

T2K 2020 syst. (v/V, xsec. error 4.9%)
‘S 3(}E —— L B e B g
s o8
© F 4 g
\8_, 2(}: :0.8 =
o 15f 10.6 &
< o ] ()
s 1(}: :0.4 ie]
2 5f 10.2
(] C -
g ot | I | | N I I}

2
Hyper-K preliminary
True normal ordering (known)
sin’6,,=0.0218£0.0007, sin’6,,=0.528, Am3,=2.509x10eV?/c*, &,=-1.601

NuFIT 5.2 (2022) Hyper-K uncertainty
(Improved systematics)
Am3, 2.51175058 x 1073 eV?/c* | £0.009 x 1073 eV?/c?

4 6 8 10
HK Years (2.7x10?* POT/year 1:3 v:V)

sin?(fa3) | 0.57273935 +0.013

sin?(f13) | 0.0220379-99025 +0.00054
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Resolution sensitivity of other parameters

—e—— Statistics only
Improved syst. (v./V, xsec. error 2.7%)
35 %107 L T2K 2020 syst. (v,/V, xsec. error 4.9%)

? e ——— =
o) E B >
o - T6 St
UE) 3(): E CDQ

c C —5
S 25 I
S 20f MR
g 1sf P2
E ] [}
10E =42 8
5t 41
E.o o
0 2 4 6 8 10 0
Hyper-K preliminary HK Years (2.7x10%* POT/year 1:3 v:v)

True normal ordering (known)
sin’6,,=0.02180.0007, sin’8,,;=0.528, Am3,=2.509x10eV?/c*, &.,=-1.601

NuFIT 5.2 (2022) Hyper-K uncertainty
(Improved systematics)
Am?, 2.51175058 x 1073 eV?/c* | £0.009 x 1073 eV?/c?

sin?(fa3) | 0.57273933 +0.013

sin?(f13) | 0.0220379-99025 +0.00054
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Resolution sensitivity of other parameters

—e— Statistics only
----- =----- Improved syst. (v /V, xsec. error 2.7%)
T2K 2020 syst. (v./V, xsec. error 4.9%)
3 33 <
&L 0.6F E R
c OF | [l
» E 425 &'
c 0.5F 1 &
S e ] £
= c 42 o
S 04f B 5
F E
0.2E ] g
AE —0.5
E \ \ \ ! L1
0 2 4 6 8 10 0

HK Years (2.7x10% POT/year 1:3 vV)
Hyper-K preliminary

True normal ordering (known)
sin’6,,=0.02180.0007, sin’8,,;=0.528, Am3,=2.509x10eV?/c*, &.,=-1.601

NuFIT 5.2 (2022) Hyper-K uncertainty
(Improved systematics)
Am?, 2.51175058 x 1073 eV?/c* | £0.009 x 1073 eV?/c?

sin?(fa3) | 0.57273935 +0.013

sin?(f13) | 0.02203793-99025 +0.00054
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sin®(fp3) = 0.5 exclusion sensitivity

e For a true value of sin®(fa3), how much can we exclude sin?(#,3) = 0.57

sin’8,,=0.5 30 exclusion

0.6
0.58 ‘
0.56
0.54
L 052
0.5
0.48
0.46
0.44
0.42

Statistics only E
------- Improved systematics E
wmanns T2K 2020 systematics ]

True sin

N AR AR RAR AR RRRN RN AR

o
N
IN
o

8 10
HK years (2.7x10°* POT/year 1:3 v)

Hyper-K preliminary

True normal ordering (known)

sin@,,=0.0218+0.0007, §_,=-1.601, Am3,=2.509x10°°eV?/c*
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sin®(fp3) = 0.5 exclusion sensitivity

e For a true value of sin(,3), how much can we exclude sin?(f,3) = 0.5?

sin’8,,=0.5 30 exclusion

0.6p B
0.58F .
0.56F .
N e S E
(93“‘ 052E Statistics only E
c E L i E . .
G o5t 'T”z‘pKrZ‘(’)zzsyStfmatt'_cs 1 With “Improved systematics”
o systematics E
S 0.48F S . .
= 0465 L SRR ; @ 30 exclusion outside the range
e E 2
044k ] of true sin®(6,3) [0.475,0.545]
0.42F 1
H | \ | | E
0 2 4 6 8 10

HK years (2.7x10°* POT/year 1:3 v)
Hyper-K preliminary
True normal ordering (known)
sin@,,=0.0218+0.0007, §_,=-1.601, Am3,=2.509x10°°eV?/c*
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Wrong octant exclusion sensitivity

e For a true value of sin(f,3), how much can we exclude all values of sin®(f,3) in
the other (wrong) octant?

Wrong octant 3o exclusion

0.6y ————
0.58\

0.56

0.54
L 052

0.5
0.48
0.46
0.44
0.42

Statistics only
Improved systematics
» T2K 2020 systematics

With “Improved systematics”

R ERRR RRRERERN AR AN

True sin

@ 30 exclusion outside the range
of true sin®(63) [0.474,0.547]

-.m\

| | | |
2 4 6 8 10

HK years (2.7x10* POT/year 1:3 v)
Hyper-K preliminary
True normal ordering (known)
sin8,;=0.0218+0.0007, §_,=-1.601, Am3,=2.509x10°°eV?/c*

o TTT
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sin(f3) mirror point exclusion sensitivity

@ For a true value of sin®(fa3), how much can we exclude its mirror point (flipped
about sin?(f3) = 0.5)?

Mirror point about 0.5 3¢ exclusion
0.6

0.58
0.56
0.54
L 052
0.5
0.48
0.46
0.44
0.42

i

IR NN RRNE N

Statistics only
------- Improved systematics
w T2K 2020 systematics

With “Improved systematics”

AR RERRRRRRRRRRREN
.

True sin

@ 30 exclusion outside the range
of true sin?(63) [0.478,0.521]

INEE SRR ERRE AW

| |
4 6 8

HK years (2.7x10* POT/year 1:3 v)
Hyper-K preliminary
True normal ordering (known)
sin8,;=0.0218+0.0007, §_,=-1.601, Am3,=2.509x10°°eV?/c*

O
N
=
S}
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Mass ordering sensitivity

c
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——g— Atm + Beam (True Normal) sinz923=0.4
—@— Atm + Beam (True Normal) sirf0,,=0.5
Atm + Beam (True Normal) sir?ez3=0.6

=———fe—— Atm + Beam (True Inverted) sir?923=0.4

r
N

—@— Atm + Beam (True Inverted) sir?0,,=0.5

+

—— Atm + Beam (True Inverted) sir?923=0.6

FTTTT
EL111

Jry

2 3 4 5 6 7 8 9 10
Running Time (Years)

@ Atmospheric neutrinos have longer baseline & higher energies than beam neutrinos
(in general)
— Enhances matter effect (ox E,ne)
— Increased sensitivity to mass ordering
— Exclude incorrect mass ordering at ~4—6¢ in 10 years
* Depending on true value of sin?(6,3)
Based on older HK analysis
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sin dcp # 0 sensitivity with unknown mass ordering

@ For a true value of d¢p, how much can we exclude CP conservation? (0cp = 0, £7)

HK 10 years (2.70E22 POT 1:3 vi¥) HK 10 years (2.70E22 POT 1:3vv)

— 18[ — 18f
L F ———— Beam (Known MO) e [ ——— Beam (Known MO)
< 16; -------------- Beam (Unknown MO) < 16? -------------- Beam (Unknown MO)
< u4E Atmospherics (Unknown MO) Atmospherics (Unknown MO)
= F Combined (Known MO) c F Combined (Known MO)
2 12F . Combined (Unknown MO) 5 12k . Combined (Unknown MO)
= £ S £
o 10F © 10
5 8 o N\ /7~ N\
=] = / AN 70 L.... —\ o b / N\ /G / N\
[ AN y AR [ —e AT N\ / AN
2 = // \\ S0 // \ /'g = // \\ 50 // \
5 £ £
< e/ N\ 3G P \ O S A \ 35/
£ L/ N Y & A\ g PIavAN P U 4 \
e £/ NG/ = <\ 4 X _\G/ \
ol——— 1 1 SN TSN o) A e B S V A5 s e E S\
-3 22 0 0 1 2 3 -3 2 -1 0 1 2 3
Hyper-K preliminary True &, Hyper-K preliminary True &
True normal ordering, improved syst. (v./V, xsec. error 2.7%) CP Trueinverted ordering, improved syst. (v¢/V, Xsec. error 2.7%) cP
$in%(,5)=0.0218 sin’(0,,)=0.528 IAm%,l= 2.509 x 10~ eV¥/c* sin%(8,,)=0.0218 sin%(8,,)=0.528 |Am3,|= 2.509 x 10° ev/c*

@ Changing from true normal to true inverted MO flips the half of true-dcp-space
where unknown MO has greatest effect

Based on 2018 T2K & 2019 SK analyses, including reactor
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© Far detector samples
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beam v, | beam v, | beam ¥, | beam V. | v, = Ve | U, — Ve Total
v-mode, 1-ring p-like | 8355.42 8.36 478.01 0.68 2.61 0.01 8845.08
-mode, 1-ring p-like | 4255.94 6.02 7759.91 4.74 0.18 0.39 12027.20
v-mode, 1-ring e-like | 143.91 294.27 5.29 11.97 2007.51 11.74 2474.69
+ 0 decay e
p-mode, 1-ring e-like 59.10 130.13 96.28 234.83 229.21 793.17 1542.72
+ 0 decay e
v-mode, 1-ring e-like 13.96 40.19 0.64 0.32 255.29 0.23 310.64
+ 1 decay e
@ jcp =-1.601
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1-ring p-like event samples

v-mode beam v-mode beam
Far Detector, v mode, 1-ring p-like Far Detector, V mode, 1-ring p-like
a T R T T T R BT TR @ e gy
= C ] 1= n B
& 500F Jﬁ E : E ]"| E
k] E |-| E S 500 E
S 400F = 5 E |_I E
¥ E L E £ 400F 3
S 300F ] 3 E I |-|-"L|_ E
E E |_Lr|-|"'-|_L ] Z  300F E
E | .1"1.‘_‘_‘_‘_ 3 E - - _"'-..1__‘—"_ E|
E E E T
5 05 1 15 2 25 E o5 o5 I 15 2 25 E

Hyper-K preliminary Neutrino reconstructed energy (GeV) Hyper-K preliminary Neutrino reconstructed energy (GeV)
10 years (2.7x10”2 POT 1:3 vV) 10 years (2.7x10% POT 1:3 v¥)
True Normal Ordering, sin6,,=0.0218, sin’®,;=0.528, Am?,=2.509x10°eV?/c", 5_,=-1.601 True Normal Ordering, sin’6,,=0.0218, sin’0,,=0.528, Am2,=2.509x10°°eV’/c", 3_,=-1.601

~8800 events ~12000 events

Tom Dealtry (Lancaster University) i de Oscillation Physics September 16th, 2!


mailto:t.dealtry@lancaster.ac.uk

1-ring e-like + 1 decay e ev

v-mode beam

Far Detector, v mode, 1-ring e-like + 1 decay e

Number of events

Il Il Il L L L
0.2 0.4 0.6 0.8 1 12 1.4
Electron reconstructed momentum (GeV/c)

Hyper-K preliminary
10 years (2.7x10”? POT 1:3 vV)
True Normal Ordering, sin6,,=0.0218, sin’,,=0.528, Am?,=2.509x10°eV?/c", 5_,=-1.601

~300 events
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@ Systematic errors
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T2K 2020 systematics

Flux Uses external data to tune model
@ e.g. NA61/SHINE thin-target hadron-production data
Cross section Uses external data to tune model

e e.g. MINERVA, MiniBooNE, ..., v-nucleus scattering data
o Uses NEUT 5.4.0

Final state interactions & secondary interactions Uses external data to tune model
@ e.g. m-nucleus scattering data

SK detector Uses Super-K atmospheric neutrino data

@ Flux & Cross-section uncertainties reduced by fit to near-detector data
Eur. Phys. J. C 83, 782 (2023)
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Scaling systematics for Hyper-K

@ Statistical error on Hyper-K atmospheric samples will reduce
» Hyper-K fiducial volume = 8.4 x Super-K

@ Statistical error at ND280 will reduce
» ND280-upgrade increases fiducial mass by ~30%
» More running with a higher power beam

@ New detectors will produce better results

» SFGD has increased nucleon tracking efficiency

* Get a handle on final state interactions
* Select 7 + H events

» IWCD has excellent v, /v, separation
* Measure v, & U, cross sections to a few %
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Systematic uncertainties

p-like e-like
T2K 2020 syst. v-mode | 7-mode | v-mode | p-mode | v-mode || v/U
0d.e. 0d.e. lde. 0d.e.

ND constrained
Flux+cross section 2.1% 3.4% 3.6% 4.3% 4.9% 4.4%
Not ND constrained

Cross section 0.5% 2.6% 3.0% 3.7% 2.7% 4.1%
Detector 2.1% 1.9% 3.1% 3.9% 13.2% 1.1%
All 3.0% 4.0% 4.7% 5.9% 14.1% || 4.6%

Improved syst.
ND constrained

Flux+-cross section | 0.9% 0.9% 1.8% 1.6% 1.8% 1.9%
Not ND constrained

Cross section 0.4% 0.4% 1.6% 1.4% 1.6% 1.9%
Detector 0.8% 0.7% 1.1% 1.5% 4.9% 0.4%
All 1.2% 1.1% 2.1% 2.2% 5.2% 2.0%

Total percentage error on sample event rates
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