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The T2K experiment
● Long baseline neutrino oscillaton experiment

● Near detectors – 280 m from target

– Constrains fux before oscillaton and interacton physics

– Measurements of neutrino cross sectons for the community

– Exotc measurements, e.g. steriles and HNL

● Far detectors – 295 km from target

– Apply model constraints from near detector and external data, add-on SK 
detector model and neutrino oscillatons
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Near detectors
● Fluxes: νμ and ant-νμ dominated with diferent Eν

– ND280: 2.5° of-axis, 0.6 GeV narrow band

– INGRID: On-axis, 1.3 GeV wide band

● Multple targets in INGRID and ND280: C8H8, H2O, Ar, Pb, Fe

● More detectors being rolled in!

INGRID fux (on-axis)ND280 fux (of-axis)
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ND280 sub-detectors
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INGRID detector
● Organised in cross patern for beam directon measurements

● Proton module for dedicated cross secton modules

– No iron plates: fully plastc scintllator
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Relevance to oscillatons

● Modelling relates observables (e.g. pμ θμ) to neutrino energy, Eν, 
which determines the oscillaton parameters

● Near and far detectors don’t cancel systematcs perfectly

– Eν spectrum is diferent in the far detector

– Acceptance, efciency and targets difers in the detectors

● Data predominantly from νμ: model used to predict νe from νμ

● Require few percent cross secton systematcs in current and future 
oscillaton experiments

● WG2 Goals for the Meetin, K. Niewczas, Mon. 11.15am
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Relevance to oscillatons
● Large systematcs at T2K and NOvA long-baseline oscillaton 

experiments

● Afer NOvA calibraton, neutrino interactons dominant for δCP

– Details of the NOvA oscillatoi aialyses, E. Smith, Thu. 2pm

– Details of the T2K oscillatoi aialyses, D. Sgalaberna, Thu. 2.30pm

– NOvA Cross Sectoi Model / Oscillatoi Needs, J. Wolcot, Fri. 2pm

– T2K Cross Sectoi Model / Oscillatoi Needs, C. Wret, Fri. 2.30pm

NOvA Wine and Cheese, A. Himmel, June 15, 2018

T2K August 2018, htps://arxiv.org/pdf/1807.07891.pdf
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Neutrino cross sectons
● Cross secton landscape at T2K primarily the CCQE interacton

– 2p2h interacton shares the CCQE fnal state (“0π” or CCQE-like)

– Single pion productons with pion absorpton 

● Signal at T2K-SK is CC0π → Historically the focus of T2K measurements

– 1π0 is background for νe appearance, NC1π± is background for νµ disapp.

Charged current interacton cross secton from NEUT 5.3.2

MEC 2p2h
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T2K cross secton strategy
● Cross secton signal defniton by observed fnal state topology

– Can’t see nucleon-level interacton from detector and FSI processes

● Inclusive CC or NC selecton, and count the pions and nucleons

– CC0π, CC0π1p, CC1π+, NCπ0, etc

● Removes large (but not all!) model dependence in extracted cross secton 
from background subtracton

Magnet + SMRD

TPC1 TPC2 TPC3

μ-

p

FGD1 FGD2

ECal

Is my CC0π 
CCQE?

My CC0π 
is simply 

CC0π!
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T2K cross secton strategy

● Measurements of inclusive pμ cosθμ in sub-detector

● Make exclusive 0π measurement on muon

● Make exclusive 1π measurement on muon

● Make above measurements in separate detector

● Move beyond the muon kinematcs

Improved 
understanding of 
detector+interacton

Magnet + SMRD

TPC1 TPC2 TPC3

FGD2
P0D

P0D ECal

μ-
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ν
μ p
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T2K cross secton strategy

● Measurements of inclusive pμ cosθμ in sub-detector

● Make exclusive 0π measurement on muon

● Make exclusive 1π measurement on muon

● Make above measurements in separate detector

● Move beyond the muon kinematcs

Improved 
understanding 

of detector 
and interacton
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T2K cross secton strategy
● NEUT and GENIE neutrino interacton generators with full detector 

simulaton, with small NuWro producton (plans for GiBUU)

– Test unfolding methods, detector efects, model dependence

● Increasing interest in unfolding (or folding) techniques and efciency biases

– e.g. PRD 93, 112012 used D’Agostni vs template fing

– Co-organised State of the Nu-ton workshop with MINERvA (NuInt 
2018), discussing analysis techniques at each experiment

Unfolding biases in neutrino cross sectons, S. Dolan

T2K CC-inclusive result with diferent input 
analysis simulaton, A. Garcia
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CC-inclusive
● Large extension of previous FGD1 (C8H8) result

– Including high angle and backward going muon candidates

– 5x increase in statstcs

– Systematcs improvements in fux and reconstructon

● Minimally model dependent

– Detector unfolding tested with multple models and generators

● Takes ND280 closer to SK-like acceptance

A. Garcia

μ

μ

μ μ

arXiv:1801.05148
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CC-inclusive
● Consistent diferences between NEUT 5.3.2 and GENIE 

2.8.0 throughout the phase space: roughly normalisaton

● Expanded selecton possible in future 0 and 1π analyses: 
on towards exclusive channels!

● Being incorporated into the ND280 fing for OA

– Details of the T2K oscillatoi aialyses, D. Sgalaberna, Thu. 2.30pm

A. GarciaarXiv:1801.05148
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CC0π
● Previous result on FGD1 C8H8 compared to frst H2O measurement

● C8H8 vs H2O is crucial systematc for T2K ND280 → SK propagaton

● Low momentum, high angle region under-predicted throughout

– Region of largest diference between water and carbon: nuclear efect?

● Complimentary ant-νμ cross secton, coming to arxiv

PRD93 112012
PRD97 012001

S. Bolognesi, A. 
Furmanski, T. 

Campbell, T. Yuan
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CC0π
● New selectons enable proton kinematc measurements with pp > 450 MeV

● Selectons with proton candidate sensitve to nuclear efects, e.g.

– Transverse to neutrino directon

– 2D inferred pp
inferred cosθμ

S. Dolan, P. Bartet-
Friburg, J. Kim, X. Lu

Luke Pickering

arXiv:1802.05078
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CC0π
● Weaknesses of nuclear models exposed, although no clear winner (yet?)

● Generally disfavours simplistc nuclear models (RFG) and requires 0π 
enhancement, e.g. 2p2h, and generally favours RPA

● The power of the transverse variables clearly demonstrated!

● 2D cross sectons of inferred proton momentum and muon variables

S. Dolan, P. Bartet-
Friburg, J. Kim, X. Lu

arXiv:1802.05078
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CC0π future
● Efort at T2K and MINERvA to probe nuclear model together

– Authors working closely together with generator experts 

– MINERvA Cross Sectoi Results, X. Lu, Tue. 2pm

● Complementary target and ant-neutrino analyses underway

– Ant-νμ on H2O in P0D, coming to arxiv

– Simultaneous νμ and ant-νμ on C8H8, coming to arxiv

● INGRID proton module with proton track multplicity analysis

+ =

arXiv:1802.05078
arXiv:1804.09488

S. Dolan, X. Lu, T. Campbell, 
C. Riccio, L. Maret, B. 
Quillain, M. Licciardi
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CC1π±

● Important background for T2K oscillaton (signal at NOvA and DUNE)

– Nuclear model less tested with 1π data; clever analyses needed!

● CC1π+ H2O FGD2 analysis saw too large GENIE cross secton

– Low statstcs limits the power of the data: next analyses doubles

● Complementary selecton on P0D, coming to arxiv

– Diferent detector with larger statstcs and acceptance

– P0D fducial target (not H2O only)

cosθ
μ,π

 ≥ 0.3

p
μ,π

 ≥ 0.2 GeV

ν
μ
-CC1π+ FGD2 (H

2
O)

L. Cremonesi, J. 
Schwehr, M. Hogan, 

D. Cherdack

PRD 95 012010
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CC1π±

● C8H8 in FGD1 analysis in preparaton for PRD, arxiv soon

– Much larger data set and diferent target

– Pion selecton by TPC or FGD track, or delayed Michel

● Correlated observables and derived quanttes

– Shine light on pion FSI and nuclear efects

● Proton module with target comparisons and 2D, coming to arxiv

● Future analyses: ant-νμ and wrong-sign pion producton, partcle and 
selecton correlatons, multple targets comparisons

ν
μ
-CC1π+  FGD1 (CH)

R. Castllo,
B. Quillain, M. Licciardi

TPC1 TPC2

FGD1

μ-

π+

μ-

π+

π+
μ-

cosθ
μ
 ≥ 0.2

p
μ
 ≥ 0.2 GeV
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CC/NCπ0

● Backgrounds for T2K-SK oscillaton signal

● νμ and ant-νμ, charged and neutral current selectons in FGD and 
P0D are developed

● NC1π0 in P0D on H2O rates PRD 97 032002

● New NC1π0 analysis approaching, CC1π0 analysis is ongoing

● Large systematcs involved

M. Lawe, C. Pidcot, A. 
Izmaylov, M. Batkiewicz, 

Z. Vallari

True π0 reconstructed as e at SK True e reconstructed as e at SK
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ν
e
 interactons

● Intrinisic beam background for νμ → νe oscillaton

● Very sparse amount of external data on νe interacton

● νe and ant-νe CC-inclusive and νe CC0π selectons developed

● Photon backgrounds large below 500 MeV

● P0D selectons being developed

FHC ν
e
 

CC-inc

S. King, G. 
Christodoulou,  B. 

Jamieson, P. 
Lasorak, Y. Wang

RHC ν
e

CC-inc
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ND280 Upgrades
● Upgrade programme at J-PARC for T2K-II (~2021) and beyond

● Super FGD (JINST 13 P02006, CERN-SPSC-P357) – Install 2021

– Segmented 1cm3 cubes FGD sandwiched by two TPCs

– Excellent vertexing and proton measurements

– 80%+ efciency in cosθμ

● High Pressure TPC, movable water Cherenkov detector (ν-PRISM)

● T2K Near Detector Upnrades aid Plais for T2HK, T. Lux, Wed. 1pm

New horizontal 
TPCs

New horizontal 
Super FGD

ND280 
detector
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ND280 Upgrades
● WAGASCI and Baby MIND (JINST 12 C07028) detectors

– Segmented cubic CH/H2O (WAGASCI) and MRD+Baby MIND

● Installed and running well: being integrated into T2K frameworks

● WAGASCI, S.-P. Hallsjo, Thur. 5pm

Baby MIND moved into pit, Y. Uchida, Dec 2017

Baby MIND muon tracking in T2K beam spill, E. Noah
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Conclusion
● Neutrino interacton systematcs are critcal for oscillaton 

analyses and path forwards

● T2K provides community with data from diferent fuxes, 
detectors and interacton targets

● Neutrino interacton cross secton programme is mature

– Inclusive selectons with expanded phase space

– Topological selectons with kinematcs correlatng 
partcles, moving beyond the muon and pion

– π0 and νe selectons pushing forwards

● Large increases in data as J-PARC ramps up power

● ND280 upgrades focussing on proton measurements and 
vertex actvity are being evaluated
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Thank you!
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Backups
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P0D side view
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CC0π efciencies
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CC0π details

Control samples

Signal by topology
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CC-inclusive

● Small 
preference 
(0.37 χ2/NBins) 
for GENIE CC-
inclusive 
model over 
NEUT

● Results 
invariant to 
model used in 
unfolding 

● Similar ant-νμ 
selecton 
fnalised, 
measurement 
in preparaton

A. Garcia

N
Bins

 = 71

arXiv:1801.05148
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CC inclusive details

Fractonal errors

Efciency
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CC inclusive details

Event selecton
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CC inclusive details
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P0D CC0π details

Fractonal errors GENIE and NEUT comparison
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P0D CC0π details

Martni comparisons
SuSA comparisons
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T2K beam performance
● 1.51E21 POT FHC

● 1.65E21 POT RHC

● 500kW in 2018
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INGRID fux

Forward horn current Reverse horn current
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ND280 fux

Forward horn current Reverse horn current
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Flux uncertaintes FHC
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Flux uncertaintes RHC
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