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The T2K experiment

T2K Near detectors

High intensity neutrino beam fromPARC.
SuperKamiokandelocated 295km from

neutrino generation point. (Off -axis)
ND280 (offaxis) and INGRID (@xis) ¢
located 280m from neutrino generation ﬁ

point. A
" " INGRID
Precise measurement of neutriroscillations (On-axis) ﬁ

Precisaneasurement of neutrino 3

nucleusinteractions at = 1GeV.
+ Beamdump

Ny

Target Muon Mm
Decay Volume monitor
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» T2K has madthe first | Reconstructed neutrlno energy
observationof n © n, ;—gf;{}ﬂ 4c}£tla |
oscillation. (7.5) —ENRE
https://indico.cern.ch/getFil
e.py/access?contribld=9&se
ssionld=1&resld=0&materia
lId=slides&confld=234536

» Uncertaintyof neutrino
Interactions is the
dominant systematic error %

10

Number of v, candidate events

1 1 1 | I 1 1 1 1 I 1 1

500 1000
source. Reconstructed neutrino energy (MeV)
» Precise measurement Systematic errors on the number ng candidates
of neutrino interactions
will havea bigimpact Beam flux #int. in T2K fit 4.9% 3.0%

on oscillationprecision

. nint. (other experiments) 6.7/% 7.5%
In the future.

Far detector 7.3% 3.5%
Total 11.1% 8.8%




ND280 (off-axis near detector)

» UAIL dipole magnet
A Provide 0.2T magnetfeld.
» PO detector (POD

A Water target section(center): water, scintillator and brass.

A ECabections (upstream and downstream): scintillator and lead.
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ND280 (off-axis near detector)
» Tracker (FGD+TPC)

A The Fine GraineDetector (FGD) consist§ layersof 10 10mm
plastic scintillatobars.

A FGDsrovide target masand vertexreconstruction.

A TheTime ProjectiorChambers (TPEsrovidePID basedn
Q '@Q cand momentumbased orthe track curvature.
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INGRID (on-axis near detector)

» 16 standard INGRID modules. ey
A Sandwich structure of iron and scintillatojiili
A Mass ratio of iron is 95%. ‘*

i ~10m

» 1 extra module, (Proton Module). — FEESE s
A Full scintillator module. i
A AVA A4 14 |
\ ) 4 >
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Neutrino interaction around 1GeV
» T2Kuses NEU&Nnd GENIE to generate neutrimeraction.
A Charged current quasallastlc (CCQE) ’ £€O ° n
A Neutral current elastic (NCE)FZK signalmode’ 0O ' 0
A Singlep,h,Kresonance production’ 0 © & OGa * —h

A Coherentp production MO a (e
A Deep inelastic scattering (DIS) 0Ca 0eeda” -

angle

Tttt
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T2Kn,,flux «10% NpCross section on (NEUT)
El}lﬁ
i OA 0.0° _ E : Total (CC"‘NC]
20Aa20° | B 0.14
r---.,_l1__1 S8 0A 2 5° - ‘;0.12 CC total
T \ ] 0.1
W Off—aX|s_- 0.08
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Flux averaged CC-in ll sive
cross section measurement
h NZS@ tradk

N, m
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Measurements with tracke

SMRD

» Select events witim. i
A Upstream veto cut. |

A Negative chargérack startingfrom
the FGOiducialvolume to TPC.

A Particle identificatiorwith TPCQ ‘@FQ ¢
» CC purity = 87%, CC efficiency = 50%.

Reconstructeanuon momentum Reconstructednuon angle
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Flux averaged CC-inclusive cross section

—

» We get
K ) (o20p ™ G OHom (i OO p

A Uncertaintyof neutrino flux10~ 15%is thedominant errorsource

for all measurements. L5 10*  CGinclusive cross section 5 10"
E\ . _I T | T 11 | T T | T 17 | T T | T T T | T 17 . Q
» It agrees with the exiSting § [ < sciBooNE du based on NEUT i o
Q L 2 =
model predictions. = o omwm ? s
o e NEUT prediction for SciBooNE ; =
A (/( > §25: NEUTpreditt:tic.)n for T2K ) ]// :25;
o) - GENIE prediction for T2K ' i/ - 5
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O |
Phys. Rev. D 87, 092003 (20130 05 1 1.5 2 25 3 3.
E, (GeV)




11

Differential CC-i

» Measuredr)

distribution by unfoldlngprocedure
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CCQE cross sectio
measureme t
with ND280 tracker
N, m
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CCQE selection

er

/

with tracke

SMRD

» Select event with In and nop. 1B amm R

A m event selection (described beforee\>

A Only one track from FGD to

A Nodelayed energyleposition
from Michel electrons.

TPC.

» CCOQE purity = 72%, CCQE efficiency = 40%.
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CCQE cross section

Reconstructeanuon momentum

» Fitthe MC tory A T -Odistribution
to extract cross sectiom bins ofO .

» ... test gives a gvalue ofl7%.
0 Good agreement with our model.”

rents / 100 Me

ev

» Bestfitd value,p& ¢ § GeVis

consistent with our model, 1.21Ge\.
CCQE cross sectlon
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Flux averaged NC eﬂast[ic
cross section measurement
with ND280 @

N, n.,
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NC elastic selection with POD

| PID for the end of track

» Event selection

% 800; - é

- C NCTE =

. . — —_ cmm -

A Vertex infiducialvolume. 5 1O LS — P

5 600; _ I Othél CC/NC/Non- Vi

A PID for theend of the track. £ st — gandi‘mi’ii’m E

pd = L ata E

A PID for thebeginningof track. '~ i

A No Michelelectrons. o | T2K Prefiminary

» NC elastipurity =46%, s :
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Flux averaged NC elastic cross section
» The cross section result is compatible vithle model predictions.
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Ongoing studies
» Measurements with ND280 tracker.
A CCp* cross section measurement.
A CGcoherentp crosssectionmeasurement
» Measurements with ND280 POD.
A CCp* crosssection measurement.
A NC elastic differential measurement (waierc water-out).
» Measurements with INGRID (+ Proton Module).
A CGinclusive cross section measurement.
+ Flux averaged.
+ |n binsof O .
A CCQE cross sectioreasurement
A CGcoherentp cross sectiomeasurement
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Flux averaged CC-inclusive

cross section Wltm INGRID
» Fe target for INGRID module, CH targetHostonModule.

» Measurement of Chclusivecross section on Fe arZH.
A CC purity 88%,CC efficiency 43% for INGRID module.
A CC purity 87%,CC efficiency 41%for Proton Module.

» Measurement of C@hclusivecross section ratio oRe/CH.
A Eror is suppressed thanks to cancelation between and,

True £ spectrum of selected Variation of the cross section results
events in ProtorModuIe by Toy MC for the flux uncertainty
Bgoo T RN R R O P L A L AL
§1600:— v, CCQE E 10 = —GE%(RMS:II.S%) E
© = v, CC E 7 - — oS (RMS:11.6%) 7
"§ 1400 [\ : NCHOHQ - 10'F — 00/oG¢ (RMS:0.3%)s
glzooj— .... . - 35 i
NN, VTtV 1 100k —
1000 " - = 3
Z 1000 - - :
8001~ 1 10°¢ E
600 - = .
200k Per 6.0 1¢? POT_ -
0:' ' R S RN R I Sl | (| N R R |
01 2 3 4 5 6 7 8 9 10 60 -40 20 0 20 40 60

E, (GeV) Variation of cross section result [%o]
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CCQE cross section with Proton Module

» T2K oraxisneutrinos aredistributed on 6-4GeV
(higher and wider than oféixis neutrinos.)

» MiniBooNEand SciBooNEECQE results can be verified.
» Unmeasured CCQE cross section ©8@G&eV can beneasured.
» CCOQE purity #9%,CCQE efficiency31.%.

X107 CCQE cross section on C . True E spectrum after CCQE selection
/E\ :'"‘I‘"'I""I""\“"I""I'l"‘\"": 0; 3800 """" I'"'I'"'I""I""I""I""I""__
g 1" 7 SciBooNE Zigp0 2 8 200 7IVuCCQE S
§ E —— MlnlBOONE_: 1600(é qﬂ: vu CCnonQE E
‘E 12: e INOMAD 1400 % g 600 = V. NC E
S S S Jl200F g S0 vt
o8 TT000E 2 400 E
oy =800 = ]
6__J ......... NEUT = a1 300 3
4] S 00 3
E, ------ GENIE Ja0o > :
2?}5 v, flux 3200 1001 ¢ Per 6.0 1020POT_:
I o n 0 4 I...«.I.._._.I....LH.:

i p"‘i;“'—,:—'f_— 6 7 8 9 ! 10
E, (GeV)
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»

»

»

»

»

»

Summary

In addition tothe neutrino oscillatiormeasurement, were
measuring neutrino cross sectioand this will have a big impact on
oscillation precision in the future

CCinclusive cross section and CCQE cross section are measured v
ND?280 tracker.

A
(K ) (oop M G oo WP p1 —x

—

) | OAT AT 1
O P& @ 3 GeV
NC elastic cross section is measured with ND280 POD.
(K ) (E&,T i o0& od (i ooB))o Tt Al
5 : P T8AT AT 1

Thecross section results are compatible with the existing model
predictions.

Flux uncertainty, dominant error souroé cross section
measurement, would be reduced with new CERAB1 hadron
production measurement

Many other exciting results t@aome.
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Back up
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nteraction around 1GeV

14><10'39 CCinclusive cross section
» M, has been measured to ks ™F ]

1.03GeV/EA Y , andbpion
electroproduction

» Aslew of low energy data

Neutrino i

<«— SciBooNEesult

------

--------- NEUT prediction —a— MINOS
[] [ -'IIIIIIIIINlLllAIHcIEIpIreIdIicltilorI‘I‘\IIIII\_\-\_llthoIMIAP\Illlllll
» What is going on? 0 05 1 15 2 25 3 35 4 45 5
%107 CCQE cross section E, (GeV)
R 16 — ——¥—— NOMAD data with total error
E — —4—— LSND data with total error
14 = ——@—— SciBooNE data with total error, preliminary
b 12
10E- R s e A, 1
SE B o ai
6 = —— MiniBooNE data with total error
AE. oA e RFG model with Mgf:l 03 GeV, k=1.000
= RFG model with M®"=1.35 GeV, k=1.007
= A
2 — o mmnmmnn Free nucleon with M ,=1.03 GeV
O — ] . N | .

prefers a higher axial mass

8
(MiniBoONE.SciBoONEK2K) 6
4
and therefore highes. ’

®---- SciBooNE data based on NEUT

—4~ 8B flux integrated

.| ——=—— SciBooNE data based on NUANCE —— BNL 7t

| 10

ELEREG (GeV)
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Flux averaged CC-inclusive cross
section measurement method

Differential cross section definition:

# of interactions

in true bin
< %o >k Nllgrllt 2D binning: (k,l)
Op,0cosb, @qupu kA cost,
# of target
nucleons
Method
Unfolding un-smearing
background
ng}trlx in tfgc bin '
Nmt ~ N, = kj (stel _ Bj) ID binning: k
€k
efficiency

unfolding based on Bayes’ theorem

P(j|k)P(k) Ug= probability to

Plil have an interaction in bin k,
§ : (] |('Y') when having reconstructed the event in bin |

Urj = P(k|j) =
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Systematic uncertainty

» Systematic error sources. Fractionaln,,flux uncertainty

_ 0.3 ————

A Neutrino flux. g — o :

— IR Hadronic Interactions |

A Neutrlno |nteraCt|0n mOdelg L ——— Proton Beam, Alignment and Off-axis Angle i
‘30-2_ — — Horn Current & Field _|—-

and final state interaction. I S :

A Detector response. i 1

. . 0.1 -

» N fluxuncertainty is~15%. : ]
O Dominant error source. L

» Neutrino interaction model = T
and FSI uncertainties come from E, (GeV)

comparison with external dataMiniBooNESciBooNI[etc.)

» Detector uncertainty comes from uncertainties on the
backgrounds in the selected sample and the uncertainties on
reconstruction.
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»

»

System ic IC uncertainty
of neutrino interaction model

Nominal value and uncertalnty of ___ Normalization uncertainties

Parameters  Energy range (GeV) FError

axial vector mass dermi CCOE 00 <F, <15 T
momentum come from external dataccQt  1.5< £ <35 30 %
CCQE 3.5 < B, 30 %

Normalizationuncertainties comes Com - - g <25 o ?
from discrepancies between the  cccon o0<E, 100 %
. . . NC-oth 0.0 < E, 30 %
neutrino interaction modeandthe e,  oo-r 13 o

external data. o _ _
Uncertainties of interaction

model parameters

Energy dependent uncertainty for €C

_ _ _ Parameters Nominal value Error
multi.p and CC deep inelastic (40%/E MYeRE 121 GeV 372 %
\ MRES 116 GeV 9.5 %

Decay width of theesonance: CC-oth shape 0 40 %
PR 217 MeV/c 138 %

Wshape 87.7 51.7 %

20% of alD may decay to produce no.— piotless A decay 0.9 20 %
Parameters Nominal value FError

Parameter changing the shape Iyd

Spectral Function Off (0) 100 %
channel belowlGeV. T I7 E, shape Off (0) 50 %
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Negative track in the TPC

™ L I I - I

|

140

SHE _ —— Exp. muons
4.5 -- — Exp. pions 120
= _ Exp. electrons 100

3.508 1— Exp. protons

80

Energy loss (keV/cm)
I

60

2B = 40

20

Ly

N
1000 1200

N IR PR B
1400 1600 1800 2000
P (MeV/c)

S =T T Loy

200 400 600 800 0

Energy loss (keV/cm)

MM | E

—— Exp. muons

-| — EXxp. pions
= Exp. electrons

- — Exp. protons

20

10

| | | | l 4

0

-
200 4

00 600 800 1000 1200 1400 1600 1800 2000
P (MeV/c)



28

Systematic errors

L] -
for CC-inclusive an uI\yxs is
Flux covariance 0.0 Cross sectlon modellng covariance
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Reconstructed kinematics
with fitted M

Reconstructednuon momentum Reconstructednuon angle
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