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Long baseline neutrino oscillations
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A neutrino produced in a defined flavour state, e.g. 1/, can be observed in a different
flavour state, e.g. Ve after travelling a distance L.
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Long baseline neutrino oscillations

VuVes V=V, From J. Xia@NNN22

Oscillation probability depends on
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@ Neutrinos energy E, i g s ] goos ey
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@ Travelling distance L i o
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@ Mixing angles 6; v
@ CP phase dcp ol

25

@ Square mass differences IS scillation probabilities at T2K o
AmG =m? —
Present knowledge
@ 02 ~ 33° Open questions
@ 03 =~ 45° @ CP violation
@ O13~9° @ Mass hierarchy (my 2 > m3?)
@ AmE, ~75x 10 %eV? @ Majorana/Dirac?

@ |Ami | ~24x107%eV?
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The T2K experiment

Super-Kamiokande :]

2,924 m

Mt. lkeno-Yama

1,360m

11,700 m below sea level

Neutrino Beam

295km

¢ T2K: Tokai to Kamioka - ; :
Physics Goals:
* High intensity neutrino beam 1. Precise measurements
produced at J-PARC of 923 and Am§2
» Unoscillated beam measured 2. Constrain the CP-
at suite of near detectors violating phase, d¢p
' 3. Neutri ti
¢ Oscillated beam measured at 3 mzl;srlljrr‘eonf ergtsss section
Super-K, 295 km downstream
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The T2K experiment

Neutrino beam

sin’26,,= 1.0

@ 30 GeV proton beam hitting a carbon target i e

Am?,=24x10%eV?

@ Magnetic horns focus outgoing hadrons
(mostly 7% /K*)

e v, beam from 7t — ut 41,
Forward horn current (FHC) or
neutrino mode

e v, beamfrom 7~ — u~ +7,
Reverse horn current (RHC) or
antineutrino mode

Near Detectors Beam Dump Decay Volume Target Station

Primary

Beaml| ine

Moo Moo
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The T2K experiment

Near detectors
Off-axis: ND280 On-axis: INGRID

Barrel ECAL

 Active scintillator + passive water « lIron-scintillator sandwich detectors
targets . R
* Monitors beam direction and
e Tracking with time projection chambers profile

* Magnetised for charge and momentum ¢ Proton module upstream of INGRID
measurements for cross section measurements
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The T2K experiment

DsECal

[

jdz (Ipnhe-Paris) T2K ACHEP 26/10/2023  7/21



The T2K experiment

Super-Kamiokande (SK)

« 50 kton water Cherenkov detector

« Excellent e/ separation, less than 1%
mis-PID at 1 GeV for single-ring events)

« Cannot separate v from © on event-by-
event basis

¢ Only sees charged particles and
photons above Cherenkov threshold

Cherenkov light

Neutrino
./—’0_’

Charged
particle
in water U

Photosensors <39
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Oscillations

Oscillations at T2K

Disappearance Appearance
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Analysis Strategy

External cross section External hadron production
measurements measurements, INGRID data

Interaction Flux model
@ 2 sequential fits model
@ ND280 contrains flux and
interaction model ND280 fit

@ Constraints enter SK fit as a

covariance matrix ND280 detector

- ND280 data
systematics

@ Feldman-Cousins
[frequentist] to construct
confidence interval

@ alternate analysis based on
Bayesian statistics SK systematics
(both analyses are
performed for comparison)
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N

ew after Neutrino-2022

Flux model

Interaction model

Updated tune to new NAG61/SHINE T2K replica
target measurement (Eur. Phys. J. C79, 100)

_ More statistics for 7t production
_ Adds K* and proton data

Significant reduction of hadron production
uncertainties (~6%)

- Interaction Length - = = 2020 Total hadronic

" on SK: Neutrino Mode, \A T2K Preliminary
g ET T

;_E [T === Meson Multiplicity ®xE,, Arb. Norm.

E 020~ Meson Rescatter ~—— Replica Weights

g E ~- Baryon Rescatter —— 2022 Total hadronic

g T

[

e
73

Vi

CCQE and CCRES dominant
interaction modes at T2K energies

0.1
0.05
0 = -
10" 1 10
E, (GeV)

jdz (Ipnhe-Paris)

Spectral Function:

More theory-driven uncertainties
New uncertainties on nuclear shell

structure, nuclear potential and
Pauli blocking
Nucleon removal energy

dependent on momentum transfer

Rein-Sehgal (RS):

New bubble chamber tune
New resonance decay
uncertainties

Effective inclusion of binding
energy

New uncertainty in 7% vs n°
production
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New after Neutrino-2022
New Near Dedector (ND280) samples

* 22 ND280 samples based on

reconstructed topology previous & s this analysis (only for neutrino mode,
e " & | % F3 K
« New ND280 v samples with y/p taggin 5 5 | 5
pleswith 7/p tagging  §| < | : A
- p: better able to constrain CCQE and ——— = < -
" E 2
2p2h models £ ~ < - 3 e
8l > 5l =1l S
- y-filter out DIS and resonant ccn® Lo B N -
background to increase purity in CCO g" !‘6-1 g" | U
7« and CC17w samples 8 %_ 1 8 1_
_ - ) T " Figure by Lukas Berns
« U samples unchanged
FGD1 v, CCOx 0p Post ND-fit FGD1 v, CCOx Np Post ND-fit
@400 . — g
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New after Neutrino-2022

New SK samples

« New far detector sample targeting Yy
CC1z* interactions in v-mode

» 30% increase to y-like, v-mode Ve
statistics -
¢ Small sensitivity to oscillations, S
higher energy than single-ring p-like
sample, tests robustness of our model . T2K preliminary
:g B 1Ry sample
o I New sample
Sample Description B v-mode —3— Muon-ike data
FHC 1Ru 1 p-like ring, 0 decay electrons
FHC 1Re 1 e-like ring, 0 decay electrons
I/-mOde FHC 1Re CClx+ 1 e-like ring, 1 decay electron
FHC MR v CCla* 1 p-like ring, 2 decay electrons / 1 y-like ring +
# 7" ring + 1 decay electron
- RHC 1Ru 1 p-like ring, 0 decay electrons
V-mOde RHC 1Re 1 e-like ring, 0 decay electrons 3 4 5

Reconstructed Neutrino Energy (GeV)
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Data Collected

Same data set as Neutrino-2022 result, with added analysis improvements

Total Acc lated POT for Physics
V-Ol\t/‘[lodeclc\l::rgsln;ﬁated PO'(lzrfor l);;ll;:us Used here!
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New analysis with additional Run 11 (with Gd loading in SK) data ongoing
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Appearance Parameters

@ dcp =0and = ruled out at 90% CL

@ No biases detected when testing alternative interaction models
@ Excellent agreement between Bayesian and Frequentist results

Frequentist

i
-2

| T2K Runs 1-10, 2022 Preliminary

< 3: X /‘

—— T2Konly
T2K + Reactor
4+ Bestfit

[0 PDG 0, Consrine

= [ UL L L 1 x10
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Sin‘d,,

s

posterior probability

Bayesian

R LN
T2K Runs 1-10, 2022 Preliminary
[ locredible interval
I 20 credible interval
B 30 credible interval

Using 0,5 constraint from reactor experiments: sin? 6,3 = 0.0220 £ 0.0007
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Disappearance Parameters

e Best fit in upper octant and T2K Runs 1-10, 2022 Preliminary
normal ordering

sin?fy3 < 0.5 sin?fy3 > 0.5 | Sum
- 2
* Lower octant and inverted NH (Amg, > 0) 0.24 049 0.73
. . IH (Am, < 0) 0.07 0.20 0.27
ordering still allowed at 16 Sum 031 0.69 1.00
x107 Frequentist Bayesian
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Using 0,5 constraint from reactor experiments: sin? 0,3 = 0.0220 £ 0.0007
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Summary and Outlook

@ T2K is a long baseline experiment studying neutrino oscilations
aiming for precise measurements of 6,3 and Ams,, and constrain
or measure the CP-violating phase d¢p

@ The new analysis presented here has significant improvements
over the last iteration:

@ CP-conserving values of §cp excluded at 90% CF level
o Mild preference for normal ordering and upper octant

@ T2K+SK joint analysis excludes CP-symmetry at 20 CL level
@ T2K+NOvA joint analysis being reviewed
@ SK-Gd data being incorporated into T2K analyses

@ Beam and near-detector upgrade to be completed soon and
data taking starting in November!
( see talk by Nataliya Skrobova this morning )
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Back up
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Beyond Oscillations

Beyond oscillation program ...

NEUT 55.0 LFG+Nieves
% =11626

e Cross section

GENIEV3 LFG+Nieves.
2 = 13569

measurements
x10°% o
-l CC 0Oz on/off-axis S b 0.94 < cos() < 1.00 = 0.94 < cos(0) < 0.98
s ot GRS
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e BSM searches .
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. 2 ZCOH 2 ZCOH
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Off-axis beam

The off-axis neutrino beam

Horns
—_—
Target

30 GeV

De
<

—e "
cay volume (96 m)\

Beam dump

> Super-K

1+~2tan 62

6=7 mrad

-
/" 0=21mmd
4

510 1 5 30 35 A

5 20 2
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/ oo
1—m?/m2)E,

y %
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N B D @ o N B
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> Enhance neutrino oscillation effects
.

Enhance CCQE-like interactions (signal at Super-Kamiokande)
| ® Reduces background from T interactions
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Super-Kamiokande

Far detector: Super-Kamiokande

Super-K (2.5° off-axis)

* Water Cherenkov (22.5 kt fiducial volume,
> | Ik PMT, ~40 m x 40 m)
# Excellent /e separation (based on ring profile)
and 10 detection (2 e-like rings)
5 <1% mis-PID at 1GeV
% AE/E ~10% for Quasi-Elastic (QE) events
—y

80 ¢
—4— T2Kdata - v, and ¥, charged current

d 7, charged current Neutral current

V. o ]
e

Number of events
a
S

multi-ring:.:
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