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NEUTRINO OSCILLATION PARAMETERS

—i8
Ve 1 C13 e ""813 Cl2  S12 121
vy | = C23 523 1 —S12  C12 2
30
Vr —S23  Co3 —e'7513 13 1 V3
§ | « Atmospheric »
m2 m2 623 = 4‘8 6+10 ° M‘.I';;gg:'& vater eaui-1 1700 m e _.
t - :u t |AmZ,| = 245.4’:5;‘{ x 1075 eV?
N — « Accelerator »
m32__ ; '
T— « Reactor »
atmospheric 913 =8.60+0.13°
~2.4-10-3¢V? . C P
atmospheric
mzz—— ~2.4-10-3eV?
m12—— solar~7.6-10-%¢V? __m32 ,"= « Solar » 82 3 91 3
) 612 = 33, 8+0 8o A
. . AmZ, = 7,39t2, X 1075 eV? Matm

THOMAS LEPLUMEY RECENT NEUTRINO OSCILLATION RESULTS FROM T2K



THE T2K EXPERIMENT

THOMAS LEPLUMEY RECENT NEUTRINO OSCILLATION RESULTS FROM T2K



THE T2K EXPERIMENT
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THE T2K EXPERIMENT
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OSCILLATION PARAMETERS
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THE T2K FLUX
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NEAR DETECTOR

Included in current analysis )
y Super-Kamiokande

UAI Magnet ND280 (2.5° off-axis)

Barrel ECal Diéwiisnizam o 2.50 Off'aX|S: EV ~ 0.6 GeV _—— e o o mm e e
' * Constrains (v/v), flux & cross-section systematics

M PODECal

e Upgrade finalized in 2024

WAGASCI

e 1.5°off-axis: E,, ~ 1 GeV
e Cross-sections on water
* Installed in 2019
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« On-axis: E, ~ 1.5 GeV S O3
* Monitor v, beam intensity and direction -
e Used to build & prior-constrain the beam model i
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SELECTIONS AT NEAR DETECTOR
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FAR DETECTOR: SUPER-KAMIOKANDE

Adapted from arXiv:1910.03887v2
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uper-Kamiokande = [ v.and v, CC
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Particle identification
« e* and y produce fuzzy rings
« ut and t produce sharp rings (+ decay e)

Energy reconstruction
 Number of hits, hit charges, sharpness of the ring

-1000 0 1000
e/n PID discriminator

0
-2000

v/V identification
* Products of inverse beta decay: v = £T + n — neutron capture by nuclei
e Gadolinium loading since 2020: better efficiency for neutron capture detection
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SELECTIONS AT FAR DETECTOR

Six samples at far detector
Reconstructed v,, Reconstructed v, Binning in reconstructed lepton momentum & angle
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THOMAS LEPLUMEY

OSCILLATION ANALYSIS IN T2K
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T2K OSCILLATION ANALYSIS STRATEGY

*Picture by Denis Carabadjac, ICHEP 2024 conference
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monitoring Data e
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cross-section Data ’ model /
. ND280 Super-K 9
Two analysis are performed: detector model detector model 13
~—

* Frequentist analysis: Feldman-Cousins method for confidence intervals, fitting sequentially ND and FD
* Bayesian analysis: Metropolis-Hastings algorithm for credible intervals, fitting simultaneously ND and FD

Fake data studies are made to test the robustness of the results to variations of the model
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T2K DISAPPEARANCE CHANNEL
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* Poor sensitivity to 6,5 (only the cos appears) _
* Good sensitivity to 6,3, up to the octant!! (two solutions for s,3) I S -

Events In bin
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* Good sensitivity to |[Am2,| (= |AmZ,|[NO] / |am%, |[10])
* Mass hierarchy bias coming from changing sign of Am32, !
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T2K APPEARANCE CHANNEL
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DEGENERACIES IN T2K APPEARANCE CHANNEL

T2K Run1-11 Preliminary
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O cp — Mass Hierarchy degeneracy

Joint fit with SK atmospheric neutrinos!
&cp — 0,3 octant degeneracy } p

013 — 073 octant degeneracy Use constraint on 043 provided by reactor experiments!

0,3 — O.p degeneracy
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LATEST T2K RESULTS (WITH REACTOR CONSTRAINT)
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ANALYZED DATA FOR LATEST RESULTS

Includes Near Detector Upgrade & Flux Upgrade!
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LATEST T2K RESULTS: CP VIOLATION AND MASS HIERARCHY
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LATEST T2K RESULTS: AmZ .y, AND SIN?6,5
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JOINT FIT WITH SUPER-KAMIOKANDE ATMOSPHERICS
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JOINT FIT WITH SUPER-KAMIOKANDE ATMOSPHERICS

Upgraded electronics — Neutron tagging 0.03% Gd

.
SK-1 SK-II SK-VII

1996 2000 2005

---------------- accumulated POT for physics analysis (total)

First iteration of the T2K+SK Joint Fit

accumulated POT for physics analysis (v-mode)

accumulated POT for physics analysis (V-mode)

* Resolve degeneracies
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*  Ocp — Mass Hierarchy degeneracy
* Ocp — B53 octant degeneracy

* 013 — dcp degeneracy Use constraint on 03 provided by reactor experiments!
* 0,3 — 0,3 octant degeneracy

} Joint fit with SK atmospherics!
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RESOLVING THE DEGENERACIES WITH THE JOINT FIT
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NEUTRINO INTERACTION MODELS IN THE JOINT FIT

L neutrino events

p
Number of }

Vv cross-section models SK detector model

__ | Neutrino flux ® Neutrino oscillation ® Neutrino interactions ® Neutrino detection
_ v flux model PMNS model

: CCQE esonan CCDIS
Neutrino flux models CCResonant

Large enough g2 to see quarks
Large enough g? to produce A (1230 MeV),
Hadronic models could be correlated

— produce > 1 p,netc ...
Vy | ou others. Vi =
— Not irnplemented yet

/
It

SK detector model R o=
The systematics for atmospheric neutrinos detection O o\ ) @ @ « \)

and T2K neutrinos detection have been correlated

B
N
&

T2K flux
Neutrino interaction models g:: T2K flux | | Atmospheric flux
T2K interaction models: N ’i;: 1 ’ N
* Very well-constrained by ND ui0-8
* Robust onlyin 0 — 2 GeV region Correlate only T2K and Sub-GeV 06

- atmospherics (with ND constraint) 2‘;‘:

SK interaction models: 5 '0
* Upto 10 TeV for atmospherics! 107
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JOINT FIT RESULTS: Am2.,, AND SIN?8,5

Nx 30 _I | T T T I T T T I T T T | T T T | T I::-::-I | T T T | T T T | T T T | T T I_ Nx 30 :I L | ' T I':-I ' ' T | T T | L ' I T r T | ' T I:_.:I -I ' ' T I.:_
<t . SK+T2K - <k — SK +T2K
25 = __T2K — 25 — T2K
- —— SK (+ND) . —— SK (+ND)
20 — Normal ordering ~ — 20 3 Normal ordering
R | T Inverted ordering 7 1o Inverted ordering
15 = 15
0 T —— G ::-.-.-::.-:::::::::':::::::::.'::::::::::::::::iliij‘iii.;i"'l''I...[...I....I....I.:>< 10-3
18 2 22 24 26 28 3 32 34 3¢
Am’, (NOY/|Am; | (I0) [eV?]
( Am3, = 2.52070-028 eV2  Normal Hierarchy Sin2923 — 0_468f8-%(2)g
S (mass hierarchy treated as nuisance)
\Amgz = —2.48010:922 eV? Inverted Hierarchy
— Different octant preferences for SK and T2K
— Similar to T2K only — Largely compatible with Maximal Mixing
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JOINT FIT RESULTS: CP VIOLATION AND MASS HIERARCHY
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o 2 :
Jep = 8150T3512€12523¢5351M0p

Scp = —1.7610:52

T

— Both T2K and SK favor 6.p = — 7

— Clear enhancement in the exclusion of 6.p = 0: 2. 50

— Overall exclusion of Jcp = 0: 1.90

Limited preference for NO:
— 1.20 rejection of 10

— Large improvement expected
with all SK atmospherics data
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T2K FUTURE PROSPECTS
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CONCLUSION

---------------- accumulated POT for physics analysis (total)

accumulated POT for physics analysis (v-mode)
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* sindcp = 0 excluded at 90% C.L.
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300 Future analyses
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beam power (V-mode, =320 kA)
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Upgraded electronics — Neutron tagging 0.03% Gd

SK-VII

First iteration of the T2K+SK Joint Fit Second iteration of the T2K+SK Joint Fit
* Jcp = 0 excluded at 20 ==y ° Even more data! (X 2 SK, +9% T2K)
e Slight preference for NO . '

New accelerator samples

* No octant preference e New cross-section model
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NEAR DETECTOR FIT

Pre-fit: FHC FGD2 v, CC Or Op Oy Post-fit: FHC FGD2 v, CC Or Op Oy
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NEUTRINO FLUX MODELS IN THE JOINT FIT

Number of __ | Neutrino flux ® Neutrino oscillation ® Neutrino interactions ® Neutrino detection
neutrino events | = v flux model PMNS model V cross-section models SK detector model

T2K flux
7 00 —sweeviw | Neutrino flux models
O —— Multi-GeV (v +v)) ]
o —— Multi-Ring (v +v ) |
g —reth | T2K flux model: N
- ((TTD Upmu Stop | * Hadronic models
c 04 ~ Upmu Thru ,
o , * NAG61/SHINE tuning
L SK+T2K work In progress Hadronic models could be
SK atmospheric flux model: > correlated below ~1 GeV
0.2 * Honda flux (HESS & AMS data)
' (Phys.Rev.D 70 (2004) 043008)
1 = Muon flux measurements ‘
1 Not in the first Joint Fit result
O A il |
10~ 102 10° 10 10° 10° — Future work!

E, (GeV)
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NEUTRINO INTERACTION MODELS IN THE JOINT FIT

|

Number of

Vv cross-section models

__ | Neutrino flux ® Neutrino oscillation ® Neutrino interactions ® Neutrino detection
neutrino events | ~ v flux model PMNS model

Neutrino interaction models

-k b

v cross section / %(10'” cm?/ GeV)

l°l°l°- - s
O N & O 0O a2 N &

b
2

_T2K flux

T2K flux Atmospheric flux

J .

l‘{t [;

THOMAS LEPLUMEY

T2K interaction models:

SK detector model

CCOE

CCResonant CCDIS

Low @*(<M,)

Large enough g2 to produce A (1230 MeV),
ou others.

Large enough g? to see quarks

— produce 21 p,netc...

vy 1

N‘ ¥, 7l

Very well-constrained by ND
Robust only in 0 — 2 GeV region

SK interaction models:

-

Up to 10 TeV for atmospherics!
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Correlate only T2K and Sub-GeV
atmospherics (with ND constraint)
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NEUTRINO DETECTION MODELS IN THE JOINT FIT
Number of __ | Neutrino flux Neutrino oscillation Neutrino interactions Neutrino detection
{neutrino events] _ { v flux model ] ® { PMNS model ] ® [ Vv cross-section models J ® { SK detector model J

Correlated detector systematics

5 i:- F "l Neutrino detection models
T EE EN CEN_ .
I T.m 'm m O (at Super-Kamiokande)
& i 0.6
- llI .I.. 0.4
" - . Error estimation rely on SK atmospherics
f vw 2 Th ted to T2K |
g ' .'.- 1, en propagated to samples
1] ‘
—-0.2
_ 0.4
Correlation Correlations are introduced between
SK & T2K 06 gK and T2K detector systematics
-0.8
<
SK atm. T2K
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IMPACT OF REACTOR CONSTRAINT

m I_I | L | | L | L I | L | | L | | | | I_I g 0 8—I
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| Preliminary ] | Preliminary |
0.7 w/ systematics — 0.7 w/ systematics —
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) 2
sin“0, sin“0,,
With Reactor Constraint Without Reactor Constraint
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NOVA+T2K JOINT FIT RESULTS

10 Conditional
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COMPARISON WITH OTHER EXPERIMENTS
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