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C22A NEUTRINO OSCILLATIONS PHYSICS J_ZR\ 70%
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HOw WE MEASURE OSCILLATION
T2K

PARAMETERS

Phys.Rev.D 88 (2013) 3, 032002
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https://inspirehep.net/literature/1226807

THE T2K EXPERIMENT
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NEAR DETECTOR AT 280 M (ND280) T 22/K

Side Muon Range Detector
UAT Magnet

Electromagnetic
Calorimeter (ECal) POD ECal
"-.I

I‘ Fine Graineq Detectors
% detector
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ers

Two fine grained scintillating detectors - FGD1 (C) and FGD2 (C,0)
3 Time Projection Chambers (TPCs)

One Upstream ¥ detector

Surrounded by ECal and UA1 magnet

2.5° off-axis

Constrains flux and cross-section systematics in oscillation analysis

Our near detectors are also used for exotic searches and cross-section measurements
(see Ka Ming Tsui’s talk!)
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C2A DATA TakING STATUS SINCE2009 T 2/K 70%
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e This year we’ve reached 515 kW stable operation beam power
e We now have a total of 1.97x1021 POT in v mode and 1.63x10%! POT in anti-v mode.
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C22A OSCILLATION ANALYSIS STRATEGY I_Zﬁz\ 70%
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C22A OSCILLATION ANALYSIS STRATEGY I_ka\ 70%
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ND Constraints on
Flux and Xsec
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ND Constraints on
Flux and Xsec
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C22A OSCILLATION ANALYSIS STRATEGY I_ka\ 70%

ND Constraints on
Flux and Xsec
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C22A OSCILLATION ANALYSIS STRATEGY I_ka\ 70%
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Flux and Xsec Bayesian Fit
(Strategy Il)
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FLUX UNCERTAINTIES

e Primary interactions are simulated with FLUKA and then reweighted to
NAG61/SHINE (external hadron production experiment at CERN) data

e Previously: NA61/SHINE data was obtained with a thin graphite target. New this
year: we use NA61/SHINE data obtained with a full T2K replica target.

e Flux uncertainties reduced from ~8% to 5%
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o/ E, (10™ cn? GeV')

ND280 SAMPLES

e Three dominant scattering processes at T2K
energies: CCQE (and 2p2h), RES,

T2K flux
— CC Total
— CCQE
=== MEC
CC RES

CC Multi-pi
— CC DIS

0.2

Vi

Laura Munteanu - T2K ICHEP2020 - Prague, Czech Republic Page 17



ND280 SAMPLES

e Three dominant scattering processes at T2K
energies: CCQE (and 2p2h), RES,

s e Define samples enriched in each of these processes
— coae using reconstructed pion multiplicity

- == MEC
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hadrons
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ND280 SAMPLES

e Three dominant scattering processes at T2K
energies: CCQE (and 2p2h), RES,
e Define samples enriched in each of these processes

T2K flux

o/ E, (10™ cn? GeV')
E
T

| —ccae using reconstructed pion multiplicity
“r ggsaﬁﬁv e Samples divided between FGD1 (C) and FGD2
oal T eens (C,0) and neutrino-antineutrino beam modes
\ e Also wrong sign sample (neutrino background in

antineutrino beam mode)

vV l_
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CROSS-SECTION MODEL I_Zfl&\ 70%

e Baseline nuclear model: moved from Relativistic Fermi Gas + RPA (2018) to a
tuned Benhar Spectral Function.

e 2p2h: new uncertainty on energy dependance of the cross-section

e Removal energy (energy to extract a bound nucleon): much smaller uncertainty due
to constraints from electron scattering data.

e C(orrelated pion FSI errors between near and far detector

e Improved multi-pi and DIS treatment
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THE NEAR DETECTOR FIT

e Our model of cross-section and flux has good flexibility to reproduce well the
data (ND fit p-value of 74%)
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CZA THE NEAR DETECTOR FIT

e Before the fit there are no correlations between the flux and the cross-section
parameters
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THE NEAR DETECTOR FIT

e Before the fit there are no correlations between the flux and the cross-section
parameters

e Near detector fit introduces (anti)correlations between flux and cross-section
parameters
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THE NEAR DETECTOR FIT T 2/K 70%

e Before the fit there are no correlations between the flux and the cross-section
parameters

e Near detector fit introduces (anti)correlations between flux and cross-section
parameters

e Lower prefit uncertainties from ~13% to ~4% at far detector

m FHC 1Rp RHC 1Rp FHC 1Re RHC 1Re |FHC 1Re1de

Flux+Cross section 0 0 o o o
(before ND) 11.1% 11.3% 13.0% 12.1% 18.7%

Flux+Cross section

(after ND) 3.0% 4.0% 4.7% 5.9% 14.3%
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e Five samples at SK, single ring selections based on lepton flavour
e Red bands: systematic uncertainties

1 ring w samples (dominated by CCOz events)

T2K Run 1-10 Preliminary
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e Five samples at SK, based on the lepton flavour and the ring multiplicity
e Red bands: systematic uncertainties
e Uncertainties on electron-like samples 4.7% in neutrino mode, 5.9% in antineutrino
mode and 14.3% in Michel electron sample
e |-ring-electron (enriched in CCOm events) and 1-ring-e-1-Michel-electron (enriched
in CClpi events) -> larger systematic errors
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CZA APPEARANCE RESULTS
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C2A &cp VS ©,; AND REACTOR CONSTRAlNTI_ZﬁZ\ 70%

e 12K contours for 05 are fully compatible (better than 10) with PDG2019 value -
all the other results shown in this talk are shown with this reactor constraint applied

T2K Preliminary
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CZA 6cp INTERVALS (1D)

e Ocp CP violating values are preferred
e Quantitatively: we exclude 35% of all Ocp values at 30
e CP conserving values (0,) excluded at 90% CL
e Small preference for NH
T2K Run 1-10 Preliminary
Lo L LA I RN LA LN S i I
< 25
——— Normal ordering
20 Inverted ordering

1o CL
ey 90% CL

l/fIIIIIIlIIIIIIIIIIIIII

I',T,,IIIIlllIlTllIIllllllllllll

. 15 [ 20 CL ™~
Frequentist y? —Jme // \
1 / \
5

-
1 1 l L | 1 I L 1 1 L l-‘

0 -3 -2 -1 0 | 2 3
8(?

Laura Munteanu - T2K ICHEP2020 - Prague, Czech Republic Page 29



C2QA ATMOSPHERIC SECTOR RESULTS J_Zle\ 70%

e Slight preference for upper octant
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CZA How couLD THIS GO WRONG? T2/ K

e We know our models or fitting procedure aren’t perfect or foolproof
e Test the robustness using alternative models, tunes or educated guesses
o e.g.: alternative 2p2h models; ND280 or external data-driven tunes.
e After the robustness studies we performed, the largest impact we saw was a small
bias of 1.4x10-° on Am?3, which we’ve added as an additional uncertainty
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C2A WHAT’S NEXT?

e J-PARC Main Ring Upgrade for High Intensity Neutrino Beam
o Now operating stably at 515kW - target is 1 MW
e Near Detector Upgrade - see Davide Sgalaberna’s talk
e SK Gd loading -> enhance neutron detection
e New and improved selections are being included at both ND280 and SK for
the next analysis
e Joint fits
o T2K-SK atmospherics
o T2K-NOVA - see next talk on new NOVA results
o Combining different neutrino data sets and energies helps lift
degeneracies and reach better sensitivity

Laura Munteanu - T2K ICHEP2020 - Prague, Czech Republic Page 32



CZA SUMMARY

e The new results obtained by T2K exclude 35% of 6cp values at the 3o level
e Slight preference for upper octant of 0,; and normal hierarchy
e Many improvements in this analysis
o nearly twice as much data as in the previous analysis at the near
detector
o 33% more data at the far detector in neutrino mode
NAG61/SHINE replica target flux tune
o huge improvements in systematic treatment of cross-section
uncertainties within the fitting framework (in particular, moving to a
Spectral Function nuclear model and improved description of removal
energy systematics)
o generally improved fitter framework
e Exciting future plans
o ND280 Upgrade
o Joint Fits

O
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CZA T2K COLLABORATION I——Zfl(\ 70%
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CZ_a DETECTOR UNCERTAINTIES _I_Z]IE\ 70%

e ND280 detector uncertainties obtained by throwing toys according to the detector
systematics

e The near detector fit is performed in muon momentum and angle

e ND280 detector uncertainties are summarized in a covariance matrix indexed by the
near detector binning in momentum and angle

e Previously: the MC statistical errors in this procedure were taken as the Poisson error
on the bin content

e This year: we use the Barlow-Beeston procedure to account for the finite size of the
MC.
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CZA So WHAT HAS CHANGED?

— Best Fit .
e Previous results (Nature

580(7803), 339-344) presented a
slightly tighter constraint on d¢p -
although the general conclusions
on CP violation remain the same
e This has multiple sources:
o the cross-section model
o the reactor angle PDG2019
constraint
o 1mproved SK calibration and
event reprocessing
o adding SK run 10 (previously

T only runs 1-9)
2 T2K Run 1-10 Preliminary
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DE LA RECHERCHE A LINDUSTRIE
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e On-axis detector
Monitors beam position

e Excellent beam position and event rate stability since the beginning of T2K data

taking
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Ocp CP violating values are preferred
Quantitatively: we exclude 35% of all O¢cp values at 30
CP conserving values (0,7) excluded at 90% CL
0 excluded at 20 but T not quite at 20
T2K Run 1-10 Preliminary
| L L L L L DL L L

.
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Posterior probability density

2 3

Ocp (rad.)
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CZ2A ATMOSPHERIC SECTOR RESULTS T2/K 70%

e Slight preference for upper octant and normal hierarchy
Posterior probability

sin? 6,3 < 0.5 sin?6s3 > 0.5 | Sum

NH (Am3, > 0) 0.195 0.613 0.808

IH (Am3, < 0) 0.034 0.158 0.192

Sum 0.229 0.771 1.000
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