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T2K At a glance

J-RARLC, 2014
e 350 members e World leading atmospheric e Rich interaction
e 12 Countries Mixing parameters physics program
e Sensitivity to neutrino mass e Ongoing upgrades

VI/,

£ MICHIGAN STATE ordering and CP violation TZQ

UNIVERSITY
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Anatomy of an Oscillation Analysis

e Sample oscillated

beam

e Infer oscillation
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J-PARC Neutrino Beam
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Main T2K detectors 2.5° off-axis with respect to the beam:

Kinematics of boosted pion decays result in a finer beam width
0.6 GeV peak energy gives maximum oscillation signal @ 295 km

©)

O

Uncertainties dominated by hadron-production:
Simulation tuned to NA61/SHINE hadron-production data.
Current: Latest " thin target’ analysis: ~10% uncertainty at peak energy
New: ‘replica target’' tune to reduce uncertainty by a factor of 2.
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Delivered Protons On Target
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Near Detector Complex

—

Near Detectors Beam Dump Decay Volume Target Station Pri
rimary
= 3 Horns protons
I/ H\\ i %\;? _ Beamline
o 15 == BN -
G
Target
’ ~— pions
Muon Monitor SN h—

—~— neutrinos

e Located 280 m downstream of proton
target station.

e Houses a number of detectors in the
J-PARC neutrino beam.

e Two used by T2K Oscillation analyses:

o INGRID: On-axis, ensures beam alignment
o ND280: Off-axis near detector
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ND280

e 2.5°off axis: Sees similar neutrino flux as Neutrinos o
far detector (without oscillations).

UA1 Magnet Yoke

e Magnetized: Charge and momentum

Measurements

o Constrain ‘wrong sign’ backgrounds

(Vv in neutrino mode, v in antineutrino mode) Downstream

l ECAL

e [GD used as the neutrino target:
o Active CH target + passive water target.

Solenoid Coil

e Time Projection Chambers:

o Good momentum/PID for charged final state
particles.

Barrel ECAL
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ND280

e 2.5°off axis: Sees similar neutrino flux as Neutrinos o
far detector (without oscillations).

UA1 Magnet Yoke

e Magnetized: Charge and momentum

Mmeasurements
o Constrain ‘wrong sign’ backgrounds
(Vv in neutrino mode, v in antineutrino mode) \ POD Downstream

Ve l ECAL
detector)

e [GD used as the neutrino target:
o Active CH target + passive water target.

Solenoid Coil

e Time Projection Chambers:

o Good momentum/PID for charged final sta
particles.

Barrel ECAL

POD: Specialized 1° detector
. PID & escaping energy sampling
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Near Detector Samples
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Near Detector Fit
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The Far Detector :. =™ .
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0D Times (ns) Times (ns)
e Sensitive to: O
o Electrons, muons, pions, (very

energetic protons)

e Can discriminate Cherenkov
rings from:

o (‘sharp’)

MICHIGAN STATE o electron (fuzzy)
UNIVERSITY
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Disappearance Samples/Parameters - T2K Run 1-9d Preliminary
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6CP: 30 Exclusion

0.6

| —
. q 0 T2K Run 1-9
e |atest analysis extended to 3¢ Zoouf S
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o See lo’ exclusion of all values of &, in g E
0.022 £ =
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, T oo | o
e Results under peer review: = 99.73% CL

o Pre-print available: 1910.03887 [hep-ex]
o Watch for publication soon!
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Oscillation Fit: Bi-event rate

—y

L. Pickering
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Appearance analysis is
statistically limited:

O

(@]

Minimal spectral information
‘Bi-event’ plot depicts
preference for NH, 5Cp:—'IT/2

Observed 7, /v, near edge
of expected region given
disappearance fit and
PMNS oscillations.

Excited to see more data;

o
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Statistical fluctuation?
Modelling problem?
Something more exotic...?
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Oscillation Fit: Sources of Error
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Percentage predicted event rate uncertainty

1-Ring p 1-Ring e

Error source FHC | RHC || FHC | RHC | FHC 1 d.e. | FHC/RHC
SK Detector 2.40 | 2.01 2.83 | 3.79 | 13.16 1.47

SK FSI+SI+PN 2.20 | 1.98 3.02 | 231 | 11.44 1.58

Flux + Xsec constrained || 2.88 | 2.68 3.02 | 2.86 | 3.82 2.31

Ep 2.43 | 1.73 7.26 | 3.66 | 3.01 3.74
o(ve)/o(e) 0.00 | 0.00 2.63 | 1.46 | 2.62 3.03
NC1y 0.00 | 0.00 1.07 | 2.58 | 0.33 1.49

NC Other 11025 | 0.25 014 1033 (099 1018
Osc 0.03 | 0.03 3.86 | 3.60 | 3.77 0.79

All Systematics 491 | 4.28 8.81 | 7.03 | 18.32 5.87

All with osc 491 | 4.28 9.60 | 7.87 | 18.65 5.93

e Cross-section x flux is the largest uncertainty:

o Power of ND: Only slightly larger than SK detector uncertainties
o Flux errors will be reduced by future hadron-production data.

o Reducing cross-section error is a global effort:

m [2K Near Detector measurements
m External measurements (esp. MINERVA)

m Theory development

MICHIGAN STATE
UNIVERSITY

T2K
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Oscillation Fit: Sources of Error

| —
Percentage predicted event rate uncertainty
1-Ring p 1-Ring e
Error source FHC | RHC || FHC | RHC | FHC 1 d.e. | FHC/RHC
SK Detector 240 | 2.01 2.83 | 3.79 | 13.16 1.47
SK FSI+SI+PN 2.20 | 1.98 3.02 | 2.31 11.44 1.58
Flux + Xsec constrained || 2.88 | 2.68 3.02 | 2.86 | 3.82 2.31
Ey 2.43 | 1.73 7.26 | 3.66 | 3.01 3.74
o(we)/o(ve) 0.00 | 0.00 [[2.63 [ 1.46 | 2.62 3.03
NC1y 0.00 | 0.00 1.07 | 2.58 | 0.33 1.49
NCOther 1025 [0.25_[| 014 033 [0.99  [0.18
Osc 0.03 | 0.03 3.86 | 3.60 | 3.77 0.79
All Systematics 491 | 4.28 8.81 | 7.03 | 18.32 5.87
All with osc 491 | 4.28 9.60 | 7.87 | 18.65 5.93

e Cross-section x flux is the largest uncertainty:
o Power of ND: Only slightly larger than SK detector uncertainties
o Flux errors will be reduced by future hadron-production data.
o Reducing cross-section error is a global effort:
m T2K Near Detector measurements
m External measurements (esp. MINERVA)
m Theory development

g’ MICHIGAN STATE
ﬁ‘UNIVERSITY T2K




Cross Sections
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T2K Cross-section Results

|

Links for you
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r convenience
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T2K Cross-section Results

Links for your convenience
—=

e v, CClncC” (2013) e v, CCOm C”H (2018}
e vNCQE O'° (2014) o :zuccmc C'? (2018) !
e v CCinc C" (2014) o vu7ir; CClnc POD (2018)
e v, CCnc Fe>%/C"?H (2014) e v CCinc C?H O Fe* (2019)
e v CCQE C”?(2014) e NCIlyC”H (2019)
R COBIES(2015) D T e,
* v, CCInc Fe* (2015) S SEE BRI ND
e v CCOn C”H (2016) ND280 'z | beericpiroroioss
u Analyses ¢
°* v, CCln HZO16 (2016) \i\l
e v, CCCoherentln C'? (2017) £
e v, CCOnH,0"®(2017) 5
(R MICHIGAN SIATE o e s T2l
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Focus1 CClInc Expanded Phase Space

e Previous ND fit only use Forward sample

o Expanded PS better matches SK 411 acceptance.

o Cross-section work directly improved oscillation

analysis sample.
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Focus 2: CCOm Transverse Variables

—] [

: . Phys. Rev. D 98, 032003 (2018)
e CCO. Dominant process at T2K energies: . 3D Projection | u Transverse Plane ly_

X &

o Measuring lepton-hadron correlations probes
relevant nuclear physics:
m Oscillation measurements assume
Observable = True energy relationship
m  Unknown nuclear effects distort this
= biased oscillation parameters

. s . 12 C R ) T T % % % I T ]

o Analysis careful to reduce interaction model < s 20 9% / SN
. © 10 15 ¢ T2K Fitto Data
dependence: o - 5 . 31
% - 1.4 E

m Signal defined by nuclear-leaving particles. & 8r 12 e
m Restricted signal phase space. S ef o0 o o E
I\ r i xe=90. é .

§ 4F o . i

;Q_»— N %0703 04 05 06 07 08 09 10 1.17]

=) 2 R —:

0.0 0.2 0.4 0.6 0.8 1.0



New And Future
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T2K
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New Cross-section Results L_|_Ccm+ s
0.10 — Data (y2/ndof)

F ot v, NEUT 5.3.3 (5.21)
il MK Res. (3.46)

e Newly approved results:

do/dp [10® cm?/ GeV / nucleon]

° v, CClm+ CH Al s Berger-Sehgal (2.86)
o v /v CCOnCH i MK Res. + Berger-Sehgal (1.76) |
W 7]
° v, CCln+ POD I 1
o v /v_CClncCH I |
€ e . T2K Preliminar
m Firstv_ since BC era! T e Y]
0.00!|\\'| L L [T preeeeepeepesprepeepeepee gt
o v CCOmx C/O 0 1 2 3 4 5
n Muon Momentum [GeV/c]
o NCQE at SK! CC-v, and CC-V, Cross-Section
S 5[ T2K FHC 11.92 x 10 POT ; Data feSU:‘Ne”‘ ES‘aU i
M . % C T2K RHC 6.29 x 10% POT Data result Neut (stat + syst]
® + Many more in ea rlier stages. R SRR
. . mg 8 e GENIE 2.8.0 ’
e T2K analysers developing and deploying: SuE e, | meoo, | miocer,
o Novel analysis techniques § L T2K Preliminary
o Statistically robust data publication E&mi— ’
methodologies [ R oo
g’ MICHIGAN STATE 2F-
jE

UNIVERSITY



SK-Gd

— n

Super-K deep cleaned in
preparation for Gadolinium doping.
Much improved efficiency for

neutron ca ptu re.
o Sensitivity to supernova relic neutrinos
o Statistical separation of
neutrino/antineutrino rate
o Many unknown interaction effects:
total cross-section, FSI, ...

New! T2K-SK NCQE cross-section

Measurement:
o Neutron-producing background process
for supernova relics and coincidence with
charged current oscillation signal events.

L. Pickering 29

<

e (thermalized) .

p @

(~8 MeV)

T2K Preliminary

Tll\llll\lf'lilll

1.5 —e— T2K Neutrino Data (Run1-9)
N [—— NEUT
1_
C NEUT Flux-averaged
B T2K FHC v Flux (Run1-9)
0.5
L L R R I
% o5 1 15 2 25 3

E, [GeV]
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Baby-MIND

WAGASCI and Baby-MIND  gescssssoss

e WAGASCI:

o Water/Scintillator detector
o Can run water-out for CH subtraction
o One module on-axis and one at 1.5° off axis.

e Baby-MIND:

o Compact magnetised iron plate and
scintillator detector

o ranging, charge, and momentum  \WAGASC]
s — -~ event display
gn_- 500 ... S N
= E imEmmE
;2400;— ND280
= anik. WAGASCI Top view
§ 2005_ Baby-MIND ' HHHHH ' ] = scintillator
E @ observed p.e.
100 @ observed p.e.(used)
- L e e — water tank
%6204 06 08 1 12 14 16 18 2 iEaaaaa: — Reconstructed 2Dtrack
EGev) C [HHHH



https://j-parc.jp/researcher/Hadron/en/pac_1801/pdf/P69_2018-5.pdf
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N D280 U pg ra d e See Sergey’s yesterday for more details

High Angle TPCs
- ===

Downstream
I ECAL

Barrel ECAL

SuperFGD

—4— upgrade, SuperFGD

‘. 7 >j 1= [
- o | --i--current, FGD 1 .
e POD belng. re.placed for T2K-II 2 e R =
e New 3D scintillator detector + ‘G [ --ie-cument FGD2 _=—
. ) %+ .., = upgrade, FGD2 _ —
horizontal TPCs: o, -
o Improved acceptance iyt -
m High angle 02*_”-4-::_:_._ s
m Low momentum (esp. protons) L R
—

'VI,,

- M ICHIGAN STATE . CL—I ‘ ‘—OI.8‘ ' Iv()liil I ‘~0144I ‘ I%)I..Zl : I.(IJI I ‘04|2‘ ' I0.|4‘ I ‘0.I6| ‘ IO4|8‘ = i Tz
ﬂ UNIVERSITY arXiv:1901.03750 [physics.ins-det] COS(eu) }R \


https://indico.cern.ch/event/835190/contributions/3613900/
https://arxiv.org/abs/1901.03750

T2K-Il and J-PARC Beam upgrade

-
S
(5
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T2K has recorded 3.16x10%' POT
o T2Koriginal POT quota: 7.8x10%'

T2K-1l to take: 20x10?%

Continued rich physics program
and improved oscillation

sensitivity until Hyper-K

arXiv:1609.04111v1
20

CP cons. rej.

T T
[ —— 20x10?*POT w/ eff. stat. &

I --- 7.8x10*POT w/ 2016 sys. errs.

L True sin’6,,=0.43
[ —— True sin®0,,=0.50
True sin6,,=0.60

=
[4)]

o

A ¥ to exclude sind_,=0
[
(=)

0

T
sys. improvements

.
............
(£ <

- .
I 90%C.| - 73
_____ B e S e S
- & S P
. - .
=g S i
£} r i

-I 1
=200 -100 0
Current BF

MICHIGAN STATE
UNIVERSITY

True 6.(°)

T2K-Il Target POT (Protons-On-Target)

W]

=
N
o
o
|

1200

1000

MR Beam Power [k

800

600

MR RF upgrade

2.0x 107?POT

36 CPV for sin6,,=0.5,3,, Pz.g

MR Power Supply upgrade l

40

35

30

25

IIIIIIIIlIlIlIIIII

\

lIIIIII!JIIIlIIIIIIlIlIIIlIlIIlIlllIlI

400

200

IIIIII

| 1 | 1 | |

|

Integrated Delivered Protons [10>'POT]
Delivered Protons / Period [10?'POT]

|IIIIIIIlIIlIIIIIIlllllllllllllllllllllll
N
o

0 L
2016 2018 2020 2022 2024

Jan.

Jan. Jan. Jan. Jan.

2026
Jan.

20

15 15

10 1.0

5 0.5

L— 0 0.0
2028 2030
Jan. Jan.

T2K



T2K-NOVA
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e Joint analysis workshops

on-going:
o Four successful meetings
since 2017

o Strong US-Japan support!

e Challenging joint analysis:
o Different experimental setups
o Different peak energy
o Different analysis
methodology

e But NOVA-T2K sensitivity is
worth the challenge!
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Summary

—] =

e |[t'san exciting time in long

baseline neutrino physics!
T2K Runl-9c Preliminary

i 2] 8Ty ]

e World-leading measurements sk . E
of mixing parameters. R 3 .l E
°14f 1

! . . | 4 C ]

e Beginning to see sensitivity to AU 3
E — sin’ 8,,=0.50, 045, 0.5 - .

lepton-sector CPV. E opTatinease o O /7

g I :“ ]

. . b 8_ - CP= —

e |Important and interesting R i
ol Kle | g e um... Wherewillthis -
problems o tackie In < Lo benextyear? :

AR R
interaction physics. 30 40 50 60 70 8 90 100

Neutrino mode 1Re candidates

£~ MICHIGAN STATE
F‘ CHIGAN S T2/

UNIVERSITY



Dawn from the summit of Fuji-san
\".v .
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Near detector Flux/XSec Correlations

Parameter Number

FLUX

ND280 constraint

XSEC

v

120
Parameter Number

Parameter Number

Parameter Number
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Predicted Event Rates p/theta

<180 —
» 180 T T i 7 T 1 T T T T T T T T T E 7 25
@ - ] 160(— —

N 0.6 s Nu-mode (Nue), 1
160— — 140~ = A
o . 120~ =
140 Nuebar, 1Re —B 05 ook E B

120~ x :
- - 0.4 - 3 i
100— - ol =
- — E ] 0.5
B ] ob v L v b e b e b Lo e 1T g
- - 0 200 400 600 800 1000 1200 1400
60— — Momentum p_ (MeV)
~ 45 —o0.2
- ] <180 L LB B N B A AR LR
40— . 160 025
- 1. g Nu-mode (Nue), -
— — : 140
20— ] 120; T1Re+1De 02
0_ 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 N 0 1002_ 0.15
0 200 400 600 800 1000 1200 1400 sol
Momentum P, (MeV) E
60— o
o
E 0.05
20—
0 00 eo0 g0 oo 7200 740 0

" MICHIGAN STATE
UNIVERSITY

'YI,,

Momentum P, (MeV)
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dcp/th13 contours

[
LI L UL T T T T |’1;24I|< |R|L|11—11 |1-9| |P|re|lllrln|"-|la|rY| L T T T T T T T T2K Run 1 9 Prehmlnarv
3 \‘\B_/ "~ Normal - 68CL 3F : - Normal - 68CL
C * Best fit ~—— Normal - 90CL C * Best fit ~—— Normal - 90CL :
L PDG 2018 ---- Inverted - 68CL C PDG 2018 ---- Inverted - 68CL
2 —— Inverted - 90CL ] 2 — TInverted - 90CL
~ C n ~ C n
(%] 1~ T (%) 1~ 7
_ ] b= n ]
E - . 8 C ]
o C N = - ]
g o ] T OF =
S - . Qﬂ; C ]
[=9 L . O I~ 1
O _1~ __ -1 —
w ~lf ] s = ]
—2F = -2 = =
: L . : —" _3 - 1 1 1 L 1 1 1 1 1 1 __I _3
Bl b SN T e e D e SIXT0T f; 36 3% 10

10 15 20 25 30 35 40 45 50
sin2(613)

£ MICHIGAN STATE
fii; UNIVERSITY -r-za F<L
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Neutrino Oscillation: PMNS

.
Journal of Physics G: Nuclear and Particle Physics. 43. 10.1088/0954-3899/43/8/084001
Normal hierarchy Inverted hierarchy
. . . )P A
Interaction with matter in flavor ] ] m? V3 2 m?
eigenstate defined by charged / \ ( \ ' Am3y,
Iepton. Ve Uel UeQ Ue3 131 "1
Am?
Vé g_ atm
\ — o Ve 2
Vy Uﬂl UH2 ng 125) v Amgim
"
W+ Ve W,
N v Unn Uy Ugsl| \v
\ T/ 7. T2 T3 \ 3) Amiol \
~ ~~ - 21 vz RN
MpmnNs

N’ Pontecorvo-Maki—-Nakagawa-Sakata
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[

Neutrino Oscillation: PMNS

e.g. created as muon neutrinosiﬁ 1

» W

=05
Cl

Interaction with matter in flavor
eigenstate defined by charged
lepton.

Vy (—

Ve

\

Vu

\"")

UeQ

U2

UT2

Ue3

Uus

UT3

S

-~

MpMNs

()

141

Vs

\")

0

N’ Pontecorvo-Maki—-Nakagawa-Sakata

0.5

Propagate as
superposition of
mass/energy
eigenstates.

v

1
E,(GeV)
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Neutrino Oscillation: PMNS

Interaction with matter in flavor

e.g. created as muon neutrinosgﬁ Lr . 1
~<05F |
e
4 & | ’

[

eigenstate defined by charged | ( \ 0 0-5 B (GeV)
lepton. Ve U Ues Ues| | 1 Propagate as
U - superposition of
. ~ _ mass/energy
ol Un Up Ul |12 eigenstates.
W:t
N \VT) Ui Urz Usg \V3)
N!P‘I:INS
N’ Pontecorvo-Maki-Nakagawa-Sakata
51
<t
= 0.5
KA
0

E,(GeV)
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Neutrino Flavor Change: Oscillation

—=] =
Ve 1 0 0 C13 0 8136_25013 C12 s12 0 1
Vi — 0 €23 S99 0 ' 1 0 —S$12 €12 0 ey
V+ 0 —8593 €93 —8136Z5CP 0 C13 0 0 1 V3

Atmospheric Reactor Solar
. . ~ 2 . 2
e Can re-parameterize PMNS matrix: P(vy = vu) = 1 — 4cos” O13sin” 023

9 AmgzL

o Mixing angles: C. = cos(B.)
) AE

i x [1— cos? 0;3sin? 023] sin

o CP violating phase: 0<d_,<2n

+ (solar, matter effect terms)

e To leading order, muon neutrino
survival probability depends on mixing
angles, and mass-squared splittings.

e Choose L/E so that
for maximum effec sin® (Am3;L/4E) ~ 1

E,(GeV)



Neutrino Flavor Change: Oscillation

—
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e Electron neutrino appearance
probability has ‘CP odd’ term.

o Sign flip between matter and
antimatter.

—) —)

Am?2, L
Py, — Ve) ~ sin? O53sin? 20, 3 sin®> ——32—

| 1E
(+)— [ sin 201 9sin 26023sin 26,3 cos 013

Am2, L Am?

+ (CP-even, solar, matter effect terms)

- T2K B.F. 2018, L=295 km, 6cp = 0

________

B P

-l
rrzIIIz

-

Sop = 31/2]
Maximal CPV |
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Neutrino Oscillation: What Now??

[

PDG 2018:

Evidence for neutrino oscillation is Neutrino Masses, Mixing, and Oscillations

. . Parameter best-fit 30
overwhelming: c.f. 2015 Nobel Prize :
Am3; [107° eV 2] 7.37 6.93 — 7.96
.. Am31(23) (1073 eV 2] 2.56 (2.54) 2.45 — 2.69 (2.42 — 2.66)
We know: all mixing angles and cin 15 0.207 0.250 - 0.354
. . sinZ 093, Amgl 32 0.425 0.381 — 0.615
bOth m aSS_Sq u a red Spl Ittl ngs ¢ O‘ sin? 03, Amn( 1; <0 0.589 0.384 — 0.636
. . . sin? 613, Am 31(32) > 0.0215 0.0190 — 0.0240
Search for CP violation in the sin? 013, Amy, ) <0 0.0216 0.0190 — 0.0242
. ) §/m 1.38 (1.31) 20t (1.0- 1.9)
neutrino sector—/.e. measure 6CP (20: (0.92-1.88))
o Phys. Rev. D97, 072001 (2018)
Most SenS|t|Ve to 6CP When: 0.0035L NormaIHslir:ercr:t;(y 90/ CL ' —_
o Mixing angles are known precisely o Now ]
0003 MINOS ]

o Mass ordering is known

AmZ, [eV?]

0.0025 —

0.002 - — - —
02 0.4 06 0.8
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Long Baseline Oscillation: Channels

—

|
. S 03 + Osc. v, ]
Accelerator neutrino beams are S ] .
mostly muon (anti)neutrinos. © 02l
o Electron-flavor final states from sl ﬂ :.
pion decays strongly helicity R
suppressed.
. . 00 0.5 1 00 0.5 1
T2K beam is not high enough E,(GeV) Fy(GeV)

energy to produce 1

o v invisible TP - vy, — Uy B _ O g

! \\.__// v : \\.._// o
Study two channels, each intwo / h /

beam modes:

o v, disappearance w .
o v appearance :;/::gn;m/ﬁ V,LL _> Ve w | s

\\\___7
N https://www.particlezoo.net/



https://www.particlezoo.net/
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Oscillation Channel: Disappearance

[T
0.4 %107 1807.07891 [hep-ex]
> 2.6 I
174 7 T2K B.F. 2018, L=295 km i —
0.3 : o 2.5 4
— |AmZ;| = 2.525 x 107 3eV :m N
0.2} — |AmZ,| = 2.463 x 1073eV 4 g_ :Q
|Am3,| = 2.325 x 1073V =
0.1¢ 5
0.45 0 0.6
0 0, VA Y A A 0 sin*(0,,)
0.5 1 :
E,(GeV) 1 " \T2K BJF. 2018, L=295 km
e . 0.3 1
Sensitivity to parameters comes sin®(023) = 0.475

from and depth of first
oscillation maximum.

0.2

sin?(fa3) = 0.526 1
sin?(fa3) = 0.575

0.5  / ]


https://arxiv.org/abs/1807.07891

-

d,(AU.)
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Oscillation Channel: Appearance

0.1

0.05

-E,LL %De

T2K B.F. 2018, L=295 km, Normal Hierarchy
— jop =0, Nv=1.55
— dop =7/2,Nv =1.99
ocp =m, Nv =137
—_— op =37/2,Nv =1.12

0.5 - 1
E,(GeV)

Most sensitive to o, if:
o Know hierarchy
o Know disappearance parameters well
o Measure in both beam modes: Vy — Ve

DM%DC

..
s
Y

T2K B.F. 2018, L=295 km
—— Normal Hierarchy
----- Inverted Hierarchy 1
® dcp=0 I
*+ Odcp=1m/2 I
5cp =T
* Jdcp= 37‘(/2 :

1 1.5 2
Nv,

T2K B.F. 2018, L=295 km, Normal Hierarchy
— Jop=0,Nv=121
— Jop =7/2,Nv =121
ocp =m,Nv =144
— dcp =37/2,Nv =189

2
By [
= I
1.5 -
1k
0.5 r
0 L
0.5
01
S
=
A
LSy
0.05
0
0

0.5 1
E,(GeV)
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Measuring Oscillations: Interactions

[T
Ve /- v .
CC-DIS NEUT: Acta Phys.Polon. B40 (2009) 2477-2489
& Nn 2
a} Hadron shover | NEUT 5.3.6, RFG 1,,C
g — CC-Total — CCQE
qf’ - RN 1.5 i CC-Res. 1m - CC-DIS + nr |
— 1, CC-Total 1

+ Others...

~
But, don't observe the flux: see final

states of neutrino--matter interactions.
Problematic energy range required by
L/E.

Antineutrino cross-section ~¥: neutrino. 0l

=
o

o(E,)/E, (10%cm?nucleon *GeV 1)
—_



http://th-www.if.uj.edu.pl/acta/vol40/abs/v40p2477.htm
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Measuring Oscillations: Events

—

AU
e
S

e Cross-section is non-linear near

process ‘turn on’:

o Event spectrum shape differs from flux
shape in a non-trivial way.

NEUT 5.3.6, RFG v,,C i
— (C-Total — CCQE
CC-Res. 17

(

vent rate
o
(SV]
T
|

/

e [E spectrum of interacting
neutrinos still has characteristic
oscillation shape:

S
)}

o Ifflux and cross-sections are well 0.1
understood we can infer oscillation i
probabilities. [

0
0




Measuring Oscillations: Observables

-

e But, don’'t observe E, ..

e Reconstruct from observables:
o Can look for oscillation signature in any observable,
but some Erec is most intuitive
o egq.

o _ 2MyE¢ — M7 + M3, — Mg
rec Q(A[\—E£+ [[—)HCOS (96))

o Unbiased energy reconstruction from just charged lepton
for true CCQE events only:
o Any get significant ERec. bias.

e Can only infer oscillation probabilities correctly if ‘feed
down' is well modelled.

Event rate (A.U.)

60

40 +

20 +

L. Pickeri

ng 50

<
'

- NEUT 5.3.6, RFG ,,C

e
w
T

Event rate (A.U

<
o

0.1 r

0 0.5

x1073

, CC-Total

E(GeV)

NEUT 5.3.6, RFG v,C
CC-DIS + nr

CC-Res. 17~

(EE _E\V/E,



N |W£l Pickering

Neutrino-Matter Interactions

g’ MICHIGAN STATE
ﬁ‘UNIVERSITY T2K




N 'W/é' L. Pickering 52

at’'s Important for T2K

NEUT 5.3.6, RFG v,,C I

[\)

e Analysesrely strongly on the
modelling of E oE___

— CC-Total — CCQE+2p2h |
. B i CC-Res. 1 - CC-DIS + nr |
: 1.5
o g
Turns out nuclear physics is hard 7,CC-Total _

o CCQE Axial form-factor

W-propagator screening

Multi-nucleon processes (2p2h)

Final state interactions (e.g. & absorption)
Nuclear potential

O O O O

<
ot

e On T2K: Focus on modelling Ox final
states:

o(E,)/E, (10°cm?nucleon™ 'GeV™1)
—_

o Mostly from CCQE+2p2h and 11t production
with ‘stuck’ pion.

F MICHIGAN STATE
UNIVERSITY
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~ CCQE Axial form factor
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—y —
Vy g— ;’: — T T T @_ L L B A
NQ 150__ —¢— BNL CCQE Evt 1DQ2 nu Data N &< | l:l Dipole BC Tuning
> B Dlpole53.29) & 1g ] Z-Exp. Orig. Q*<3 GeV*|
9 * 3-Comp. (50.6) g | il
N I/I/ + § 00 __h'fi.+ Z-Exp. (48.17) B LT:
% I _'%i 051
A so L& - i
N’ i #t
3 T%;';h?#ﬁ%-;@aL - L N I
0 1 2 % 05 1 15 2
Qg (GeVire?) Q? [GeV?]
e F[it nucleon-level processes to historic bubble chamber data
o ~ Free from nuclear effects.

e Dipole form is often used for the Axial form factor, Fa (Q?) = F4 (0) / (1 + Q*/M3)”
o Single free parameter M,: Strong constraint at low Q? causes over constraint at high Q2.

e Model-independent parameterizations allow better description of the

uncertainty: Phys. Rev. D 84, 073006 (2011)
o Aim toinclude in T2K OA 2019.
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{ ’ . —
~ 'RPA’: W Propagator Screening 7 i
PhysRevC.70.055503 (2004) wa — s 2 o g 1 2. ]
W+ n —p W+ N— A N* W'N— N=z,Np,.. BeRPAA E i BeRPA B_
wr wr i + o4 3 —
q QUGeV?] QGev?]
A Ry
W AP 4 N + + o g :
. _BeRPAD| BeRPA E'
wt wt, w+ . _ 'Q"[IGE‘I’”I . ‘7 I Y oo
. , O Nieves RPA™ ~ || %%
e CCQE suppression from nuclear screening of o N 18000
218 A\ | 16000
W-propagator. Fraf Post-fit RPA I}
. . . . Q -
e T2K parameterize uncertainty as piecewise 1D g 124 12000
: . =
function in Q2 G 10000
. , ) 28 8000
o Post-fit shape doesn’t resemble calculation shape... é o5 5000
.. . . 0.4 4000
e Theoreticians not in agreement that RPA is so ool oo
Important with better nuclear model: c.f. GiBUU ) T 0

5 3
Q? (GeV®)
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Multi-nucleon Interactions

[T
s
e Scattering from bound Example of
nucleon-nucleon pairs within the Multi-nucleon
) A 2 Interaction
nucleus: different EoE_ (2p2h/NN)
e Not possible to study in isolation, will Ny
always also have: L Neutrinos on Carbon
o True CCQE =3
o CClpi with missed pion A
o Other nuclear effects 20
C
. . L
e Current multi-nucleon models improve

0.6

experimental agreement, but some
way still to go.

0.4

QE-like °‘2 :
ﬁ MICHIGAN STATE kinematics ==

=, n L PR S T I T T
0.2 0.8 1 1.2
UNIVERSITY 3-momentum transfer Q, (GeV)

o
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Effect on Oscillation Analysis

2p2h Shape Dial on Carbon

M 7000
e \Want to check how biased the E Delta Like
. . 6000 — -
results might be if the wrong - —  Nominal
. : S00E Not Delta Like
multi-nucleon model was chosen: ol
o Assign uncertainty to QE-like/A-like 30005_
nature of multi-nucleon interaction. -
o Run oscillation analysis with ‘fake data’ -
generated with an alternate model. e NEUTRINOS
1] SR Br—— L [y Y R i ———— ——
& 35— —— 71— 77717 —~ Z.BXIO.3 ’ " 1Ereco'E1llrie [Gevlz'
wg 3.0 ;_ . Mart%n? et al.z ; (\; —90%CL  '--68%CL * Best-fit | — Asimov ]
L gge 0 Matn etal. v E & 2 | — Martini 2p2h Near detector fit prefers
g, “>F & Hieyesehal'y E B ol 2\ | between nominal and
E 2_0;_ o Nievesetal. V _; N:E ‘ A-like
g 1_52_ _f 2 25 i)
§ LOF : ; Sl |
0.5F =
e U R
000 02 04 06 08 10 12 = 5 | | |
03 0.4 05 0.6 0.7

neutrino energy [GeV]
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Lepton-Hadron Correlations

e Investigate lepton-hadron
correlations.

e [wWo recent approaches:
o Transverse imbalance
o q0/g3 reconstruction

e Hard to use directly in OA:
o Existing models can't be bent
to fit with current freedom...

o Build ‘fake data’ informed by
these results and use to test
OA robustness.

" MICHIGAN STATE
UNIVERSITY

AD>

v Transverse Plane Iy
z z

d’oldE 45dq, (102 cm?/GeV?)
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Available energy (GeV)

oy C 98, 045502 (2018)
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~ Bihding Energy

e Energy associated with liberating
struck nucleon from nuclear potential

NEUT, 5.3.3 RFG, v, C12, CCQE, 0.575 < E, < 0.626 GeV

1 F =—— Ey,=16,0,<30° R 4— =
By = 43,0, < 30° 3 /

-------- By, = 16,30° < 0, < 60°
Bj, = 43,30° < 0, < 60°

Count (Peak-normalised)

E T <p,>v

e A.Bodek’s re-analysis found that the T , ]
default NEUT value was poor
[arXiv:1801.0797] :

e For2018 T2K OA, a fit to mock-data T T 0o
with a large shift in Eb was used to | . e
assess uncertainty I N e I = il i iy i

o Largest single source of error. - —Nomimal | 7 .

e Inthe future, a smaller prior from o 3 . /

A. Bodek’s analysis will be used. 3 E 4 i
13 'smaller Erec el . .
f' MICHIGAN STATE Ldforgiventy 3 el

UNIVERSITY

(b) Am3, with reactor constraint
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