Constraining Systematics at
T2K with Near-Detector Fits
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* |Long baseline neutrino oscillation experiment in Japan
e Accelerator at J-PARC produces neutrino beam in Tokai on east coast
* Near detector makes flux and cross section measurements 280m up stream

e Super Kamiokande, 295km away in the west, measures neutrinos after oscillations

. 2 .
* World leading measurements of 0,5, Am 5,, Ocp, and mass hierarchy

e If Op NON-zero, neutrinos are another source of CP violation
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T2\ Markov Chain for 3 Flavour Oscillations

e MaCha3 is one of the oscillation analysis frameworks at T2K

e Jointly fit ND280 and SK data

e Neutrino flux, cross-section, ND280 and SK detector

systematics, and oscillation parameters all fitted to data
e ~700 parameters in total
 High dimensionality, correlations, and boundaries

e Sample the parameter space using Markov Chain Monte-

Carlo
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T2R\ Analysis Strategy
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1zR. Near Detector Only Fits I

Near Detector Only

- s S
N(X) = (E,)-0(E, X) - e(X)- P(vg — 1)

- - - @ @ ]

Near Detector + SK

o Models take us from observables (e.qg. P, «9”) to E,, which determines oscillation parameters

* Fit only near detector data to constrain flux and cross section model uncertainties, and

validate against other analysis groups

e Near detector fit reduces uncertainty on event rate prediction at SK significantly

e Can also shift predicted event spectrum, must be fully understood
2018 Analysis Uncertainties

Sample w/o ND280 w/ND280
Muon Neutrino 14.6% 5.1%
/V Muon Anti-Neutrino 12.5% 4.5%
Electron Neutrino 16.9% 8.8%
Electron Anti-Neutrino 14.4% 7.1%
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Tz Near Detector Postfit
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* Extract postfit values by

Post-ND280 Fit

Post-ND280+SK Fit

marginalising over all but one | T

Variation

parameter, one by one

e Constraint on systematics L |
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TzRUpdates for 2019 AnalysiskiE

e Updated interaction model:

 Energy dependent 2p2h, where the neutrino
interacts with a correlated pair of hucleons model

e Deep Inelastic Scattering + Multi Pi model
improvement

e Reduced flux uncertainties
e Significantly increased data

 Expect significant improvement to analysis!
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T2k New Anti-Neutrino Samplesk &=

e Split data into different samples based on event topology. Different systematics
apply to different samples
* Previously split anti neutrino data by number of tracks, with more data can split
by number of pions
* Now anti-neutrino samples match neutrino: CCOm, CC1mt, CCOther
e Splits the N-track anti-neutrino selection so single-pion, multi-pion, Final
State Interactions, and Deep Inelastic Scattering systematics are constrained

from separate samples

FGD
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12K\ New Treatment of Binding Energy} j=

e Measure lepton momentum and m% — ml? — ml + 2m!’ E]
[Ereco f L

angle at ND280, can then v 2(m; — E; + pjcos b, ;)

reconstruct neutrino energy "= m; — E,

* |f binding energy of target nucleus _ initial state nucleon
f = final state nucleon

not modelled correctly we | = final state lepton

miscalculate E,
Ratio of Eb += 1 sigma to Nominal
* New parameter translates change - T T T T T T e

|

Boclll WS £
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momentum Z:;fﬁﬁlﬁﬁﬁfﬁfﬁﬁiﬁﬁ ﬁﬁfﬁfﬁfEﬁﬂﬁﬂﬁfﬁfﬂ@fffﬁfff NI -
e Correlates highly with other _o_:;ﬁ""Iﬁfﬁfﬁfﬁfﬁﬁﬁ?é"ﬁ"ﬁ"'f?""f"'ﬁ, e | =
parameters and has non-gaussian o L
posterior - must be understood _ T2K Work in Prog’re’ss_
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T2k Non-Rectangular Fit Binning k&S

* Binning choice is a trade-off:
Non-Rectangular Binning Example

Europe (bin contents are normalized to the surfaces in km?)

* Enough events to reduce statistical error

x10°

* Good resolution in peak regions :
. 65?*
e Uniform rectangular: of
* Thin bins outside region of interest a3
50— Europe
e Larger than necessary bins in peak T -
* More of a problem with increased stats BT o
« Machinery for arbitrary binning in place, * borders accurate as of 1992

final binning still to be optimised
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T2R Outlook

e Near detector fits crucial to reducing systematics and allowing T2K to
continue to make world leading neutrino oscillation measurements

e Updates to binding energy, anti neutrino samples, fit binning already
happening for 2019 analysis

o Still to come:

e Updated interaction model: energy dependent model for neutrino
iInteractions with a correlated pair of nucleons, improved Deep
nelastic Scattering + Multi Pi model
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e |[ncrease in data: doubling neutrino + anti neutrino data with addition

of new runs
e | atest tuning of systematics

e Increased acceptance (4pi samples) for future analyses
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Thanks for listening!

Hi, Super-
Kamiokande-

J-PARC-chan

4 Atdm
Watch out,
muon neutrinos! %

Something
different...?

No!
It’s Neutrino
Oscillation!

https://www-he.scphys.kyoto-u.ac.jp/nucosmos/en/index.htmi
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Backups
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rzR Likelihood Calculationsti&s

e Number of events in each bin modelled as poisson
distributed

e Systematics modelled as Gaussian (MAQE, 2p2h
norm, pF, 2p2h shape flat priors)

_hlL - —lIlL'\_-“ mples lnL‘.s'y.s'tc"nmtic‘.s'
¢ L 1
_ MC (= rDat A7 Dat Data j ATMC Ao (V=11 A
—InL = E (N7 (%) — N; + N7 (NP INMCY )+ Ax; (V") Axy
—1 1=1 k=1
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TZ/E\

e 30+ Cross Section
parameters for various
Interaction modes

 Updated frequently to
accountfor new theoretical
calculations

e 100 Flux Parameters
e Normalisations in bins of Ey

e 556 ND280 Detector
Parameters

e Normalisations binned in
2D: momentum and angle
of final state lepton
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T2k Near Detector AS|movs

* Fitting nominal MC to

Variation rel. nomina
3

itself

» Expect to recover nominal o ™
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*2XEb Dial Momentum Shiftskiss

-Momentum shift causes events to migrate in P -cos6, As Eb
Increases, Pﬂ decreases and vice versa
*Similar changes as seen in Eb fake dataset

Dial set to +1 Sigma Dial set to -1 Sigma Eb Fake Dataset
CCOm - NIWG tuned MC

CCOPi: Ratio of Eb+=1sigma to Nominal CCOPi: Ratio of Eb-=1sigma to Nominal
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2R TH2Poly First Pass BinningliEs

MCFGD1nuCCOPi
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T2XTH2Poly First Pass Binning
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T2XTH2Poly First Pass Binning-i&
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