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The upgrade

JPARC Main Ring upgrade approved: 7.8x10%* POT (=T2K design), 0.9 MW by 2020
“T2Kx3" (2020-25) phase (2x10%* POT). Before Hyper-Kamiokande (~2025).

If sys. < 2-3 % "T2Kx3" could give > 3c CPV for any value of 6__
Upgrade of near/intermediate detectors necessary already from 2020 !
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Importance of cross sections for
oscillation physics

|deally ... In a near-far double detector oscillation experiment
neutrino cross sections are NOT important:
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Importance of cross sections

But beams are not monochromatic — we need to determine E_event by event

Ndyents(Bv) _ [ o(B,)®(E})P(E,|E,)Posc(E,)dE,

events

NeventS(EV) B IU(E{/)(I)(E{/) ( V’E;/)dE:/

Oscillations introduce differences in the flux spectrum:
the ratio does not cancel out cross-sections
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Current issues and possible mitigations for T2K
o(E) x o(E)

Different target at N&F (C,H vs O,H) — ("well-defined”) H O target @ NEAR

Different acceptance at N&F
 model dependency in the not common p-0 phase space — 4r also @ NEAR

Different flux at N&F due to 1) oscillations (dominant) and 2) finite-distance effects
— 1) a tunable shape beam at NEAR ! 2) a “not too near” NEAR

Differences in c(ve) > c(vu): v_at near Is subdominant — not easy just with
detector upgrades (but ... refer to the talk by Ludovici)

Energy reconstruction P(E_|E’ )

« Bias, broadening when the reconstruction formula is applied to CC-QE like
(non genuine CCQE) events due to & absorption in nuclei (FSI), multi-nucleon

iInteractions — 1) high granularity, low threshold detector 2) neutron tagging (for
multi-nucleon processes)

 Different detector technique at N&F:. — water Cherenkov (WC) also @ NEAR
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Where we stand: systematics and cross sections

Events prediction at Super-K with ~ 7% accuracy for neutrinos (10% in anti-v mode).
Large contribution from difference in nuclear targets between far and near
+ the effect of the poorly known multi-nucleon cross section

2014 — 2015

———

v flux 7.1%

v flux and w/o ND measurement 21.8% 26.0% 9.2% 9.4%

Ll EEEtm_"__ w,/ ND measurement 2.7%  3.1% 3.4% 3.0%
[:JEE?S‘Z‘?EEF&:? earand for | SO% 4T% 10% g-ﬂﬂ
.Final or Secondary 3.0% 2.4% 2.1% 2.2%

Hadronic Interaction

Super-K detector 4.0% 2.7% 3.8% 3.0%

total w/o ND measurement 23.5% 26.8% 14.4% 13.5%

w/ ND measurement 7.7% 6.8% 11.6% 11.0%

.

Many improvements
* 2014 error does not include the effect of multi-
nucleon at the neutrino-nucleus interaction.
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The T2K near detector
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Limitations of ND280

« Different target
@
- large migrations between scintillator
and water layers. Ambiguity on the
target nucleus
. @
« Different Acceptance
« External backgrounds (especially for v.!)
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Specific proposals synopsis

High same flux Same
Improvements/ granularity,] Water | Acceptance, detector | Status,
: : shape at
name final state target purity at NEAR notes
g N&F
precision and FAR
WAGASCI N Y Y N N constmctior
High pressure : :
PC Y N Y N N discussion
TITUS N Y YIN Y Y proposal
Y the
VPRISM N Y YIN oscillated Y Lol
one (!)
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WAGASCI

Addresses the issues of: acceptance, target
definition, external backgrounds.

Goal: 3 % error on cross section ratio (water/CH)
Plastic scintillators + WLS fibers in arrays

(water/plastic) filled. Hamamatsu MPPC (SiPM)
readout.

Being constructed close to ND280, INGRID

MRDs

3.5m

2.5¢cm
2.5cm
/ iy

%
7

V —>

2m CH target

H,O target

", im
Grooves to mechanically connect orthogonal 0.8m / WAGASCI detector
scintillator bars. Shallow enough to allow fiber housing. Vv
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WAGASCI

External background: neutrino interactions in the MRD and building walls -
Time-Of-Flight system (3 1cm thick scintillator layers). Profits of 50 cm gaps surrounding the
central detector

Side MRD Detector
- 4 Modules

o

——— H20/CH detector

| —— ND280

o))}

1.6 degrees off-axis

H,O/CH Detector
- 2 Water Modules

- 2 Plastic Modules
- 5120 Channels

N

N

o

Neutrino flux [/25MeV/10%POT]

0 1 2 3
Neutrino energy [GeV]
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WAGASCI
acceptance,

purity

Very good acceptance
also at high angles
thanks to 3D structure.

efficiency

sideview topview
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High pressure TPC

* No passive material (interactions in the gas)
* Low thresholds (5-10 bar pressure)
disentangle multi-nucleon processes from CCQE
* Realistic gases:
He, Ne, Ar, CF4
« Hand D would “by-pass” nuclear physics ... not realistic
* In principle more appealing for the US program Taken from
(Argon). Difficult to use CO_, H O (for water)
F. Sanchez
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High pressure TPC

2 proton final states: observables can discriminate CCQE + Final
State Interactions from multi-nucleon interactions (“MEC” or “2p-2h")
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High pressure TPC  takenfrom

F. Sanchez

CC events assuming a 8m3 detector & full FV.

mM

=

X 2x2x2 m?3

N: 20°C 5 bars |10 bars

N 6.65 k 13.3k

m He 4 &

2 32.5 kg 67.1 kg

E\n Ne 21 21

LA 2543 evt/10*'pot 5086 evt/104'pot
N . 66.5 kg 133 ke

Y 5203 evt/10%'pot 10406 evt/10?'pot
c

S CF. 146.3 kg 293 kg

oy 11450 evt/10%'pot 22893 evt/10%/pot
O

<

Expected ~1.6 10?' pot/year for ~4 years
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Hybrid schemes:
WAGASCI + TPC rearrangement + HP-TPC

another possibje set-up __7Em— —
-

Several

parameters need
UA1 Magnet Yoke to be optimized
by simulations

......

v High-Pressure
TPC

And should we swap the
existing TPC and HPTPC?

\ 16.07.2015 Near Detector Upgrades / Mark Rayner, University of Geneva
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2kt Gd doped (0.1%) water Cherenkov

~2 km from J-PARC, 2.5° off-axis

Magnetized downstream Muon Range Detector (MRD)
Small side MRD

TITUS

Tokai Intermediate Tank with
Unoscillated Spectrum

4 m 2m

: : 7 m : : Neutron
: : | J— Anti-neutrino d
' ' \I:roton g \
" " Gadolinium

///l‘li%?\cr\)gned :G@T_Ta rays
563 . Originally detectable signal New signal
22'm
0.1% Gd doping: NB. > 2018 also SuperKamiokande planned
* 49000 b vs 0.3 b (H) to become Gd-doped (EGADS demonstrator)

8 MeV vy (4-5 MeV visible)

« 90% capture efficiency Same target, similar acceptance, same flux,

sensitivity to multi-nucleon with n-tagging
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TITUS: MEC with et " g
heutron tagging XN e

MEC

_—~—N;
A A A A
<neutrons>
v, CCQE: V,+nN—o U +p _ .
— . — . 0 Clear n signals can be modified by
v, CCQE: Vptp 2 H N 1 nuclear effects: re-scattering, charge
v, MEC: v+ (n+n) > u+p+n 0.2 exchange and absorption in the
v, MEC: v,+(p+p/n) > +n+p/n 1.8 nuclear medium
H 60000 =
; S _ —
50000 V & 50000 V
/ v, p-CCQE | o J v, p-CCQE
100 v v, p-MEC 40000 v i v, p-MEC
: — [ v, n-CCQE ; ( v n-CCOE
300001 | A% Cont.JL v :\{EL 20000 \% cont;{ v n"{;ﬁh
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D- { » }r'.""'l‘"."'r-r-'I--_l-_l_l‘""i----t nr d ..;;:._;:L:%__ ek i 0] e b st o
0 1 2 a d 5 6 7 B a 10 0 1 2 3 4 5 6 7 B g8 10
Num. of nucleons num. of nucleon

Neutron tagging offers a powerful extra-handle for discrimination
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anti-nu mode
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N events [arbitrary unils]

TITUS

1 ring 1 selection: neutrino contamination 23 — 8% with neutron tagqging
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TITUS + HyperK: impact on §_,

?_‘D_O4lllll T TTTTTTT TTT TTT
==
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integrated beam power [750kW x10" s]

A. Longhin (LNF) 10 Nov. 2015. Bologna. What Next: neutrino cross sections



LAPPDs

A. Longhin (LNF)

The Large Area Picosecond
Photodetectors (LAPPD):

»Large, flat panel, (multi-channel plate)
MCP-based photosensors. Use Atomic
Layer Deposition.

» <50 psec time resolutions and < 1cm
spatial resolutions

»Based on new, potentially economical
industrial processes

»LAPPD design includes a working readout
system

»Phase Il request for $3M for
commercialization by Incom, Inc approved

R&D for innovative photosensors (LAPPD)
within ANNIE at FNAL

Accelerator Neutrino Neutron
Interaction Experiment (1504.01480)

http://psec.uchicago.edu

ik ] o ‘H..I-pwg
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Time, nsec
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QMUL, 18-19 Dec 2014 Francesca Di Lodovico (QMUL)
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V PRIS M wf | 4.0° Off-axis Flux -
Extract the energy dependence by measuring the 1t 1|
rates and final state kinematics over a range of o/
off-axis angles S N N M R N K
x10 T e (Gev
Q 6 22 u 2.5 Off-axis Flux
v 5
?.EI 5 20 \15 )J]
- 18 g
<
Z 3 i
- -";JJr —
5 eSS 2 25 3 as
E A E, iCGeV)
T e
N |“|_ 1.5° Off-axis Fl
20 |
16 H —l
5 J —II_
0 e R Ry B B T
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E\ {G V) 25 'LLI.I.'.I OfT-axis Flux
J e 200
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s e
WC detector: 6 m diameter x 10 m height o e

40 % photo-coverage: 3120 8" PMT or 7385 5” PMT
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VPRISM

Derive linear combinations of the fluxes at different off-axis angles to produce a flux
that closely matches the predicted oscillated flux at Super-K

30
SK 2 2 vP
P (EU, 023, Amgz) E, = ¢; (023, Am3sy) B, 7" (E,)
1=1
£ |, 1Ot axis Fx £ ‘ [ 15°Offaxis Flux |
- Jll; ; 0 \‘ . }(1[]'3 — :
cC ° +C | 5 180 E
1 ; 6 L = 160E SK oscillated flux =
sl f . i |
| —— ] : " = 140p Linear combination of E
. T o o R I > 120f vPRISM off-axis fluxes E
E, iGeV) E, i« 'l.p|: g 100 . —
e e : w
E * 2.5° Off-axis Flux £ 3 4.0° Off-axis Flux o :
2 30 : :E) 40:
. o I f
- ] h { i P - P [ -
+ Clﬁlq i + CED - | 02040608 1 1214 16 18 2
i i 10 L !
10 JJI E | : E, (GeV)
: H‘h-*_ L] 1 |
Irl;r 0.8 1 1.5 E—‘—"'l 3 8 ”i: Y I.\ ~[.‘. ......... it <bmtmie ._*
E, (GeV) E, (GeV)
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MEC uncertain

ty with v

PRISM

1200
Flux combination to reproduce :
the oscillated spectrum - oF
reduced impact of multi- 600~
nucleon events on 6__ (“dip- 400}~
filling” can be measured) 200"
of
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VPRISM

Appropriate linear combinations of the measurements in each slice:
- "Gaussian” beams at energies between 0.4 and 1.2 GeV

Linear Combination, 0.9 GeV Mean Linear Combination, 0.9 GeV Mean
T T T | T T T T | T T T T | T T T T |

> 10000 . > I | 1
= i —— 1 Ring p Event Spectrum 1 = 6000 —— 1 Ring p Event Spectrum  _|
u{::‘; = Absolute Flux Error - u{:"-] i Absalule Fiux Errar I
o o - —— Shape Flux Error —
= - —— Shape Flux Error — = | o |
S 5 Statistical Error
ﬁ B Statistical Error . ﬁ 4000+ NEUT QE —

50001 —— (Qaussian Fit I —— NEUT Non-QE ]

Fit Mean: (.88 GeV T
Fit RMS: 0.14 GeV 5 2000

E, (GeV) Erec (GeV)

Predict the effect of non-quasi-elastic scatters in oscillation measurements
Provide a constraint on nuclear models of these processes

A. Longhin (LNF) 10 Nov. 2015. Bologna. What Next: neutrino cross sections 25



Remarks on vPRISM method

Pion Multiplicity Throw

Uncertainties in v cross section modeling
effectively shifted into flux prediction
systematic uncertainties

Advantages: —

e many flux systematic uncertainties cancel

« Hadro-production uncertainties can be
measured (to a certain extent) by
dedicated experiments (f.e. NA61)

More problematic uncertainties exist.
Those affecting the off-axis angle:

e horn current
« proton beam positioning

|

Impact Super-K and the nuPRISM linear
combinations differently.

1.15

[e—
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I|IIII|IIII|IIII
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Largely correlated
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0.5 1 1.5 2 2.5 3
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Conclusions

« Main goal is reducing systematics for CP violation in the 2020-25 phase

e Big impact on understanding of GeV neutrino cross-sections thanks to
- Improved acceptance, purity, sensitivity to multi-nucleon effects/FSl.
e Several interesting proposals:

- WAGASCI: already on its way. ¢(H,O/CH) at 3%.

- TITUS: probably the most “straightforward”. R&D on neutron tagging with LAPPD
detectors within ANNIE at FNAL.

- High Pressure-TPC: precise measurement of nuclear effects down to very low
thresholds. Not ideal for water (better for Ar). Quite challenging, not cheap.

- VPRISM: interesting idea. Implementation is demanding (excavation, logistics).

 Final note: all these projects subdominant v, component - low purity. They
miss a real breakthrough for v v, cross section issue. Alternative
solutions (tagged v, beams, see talk by Ludovici).
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Near/Far ratio (TITUS)
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WAGASCI

Size 100x100%200 cm?
Size of the each target part 100x100x50 cm?
Central Target masses (H,O, CH) 1 ton each
detector Size of scintillators in the target region 100x2.5%0.3 cm®
Size of scintillators for TOF 120x5x1 c¢cm?
Number of channels 10,240
Side Size | 80x200x300 cm’
Thickness of iron plates 3 c¢cm (10 planes)
Size 400%200x230 cm?’
MRD Downstream Thickness of iron plates 3 cm (10 planes) / 6 cm (10 planes)
Total Size of scintillators 200%20x0.7 cm?
Number of channels 1,460

noise rate - deltaV

o) * New low noise MPPC
[ 1{]5 -
s F o Old MPPC
Better Hamamatsu MPPC S r
(Silicon PhotoMultipliers) 2 L f
10 . *
10% . ®
o AT ATETETErS BT SYETETErS BT ST i
0 2 3 4 5 7 a
deltaV(V)
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Effect of Reduction of Systematic Errors

ED _I L] | L | [ B | I LI I | | B e i | I L 1 . ﬁ "III .'I 1:(::'" IEIED'UI‘ I-Ig
L —— 5in‘6,,=0.40 |
18 F — sin6,,=0.50 . non-zero d¢cp vs. POT
of — =
16 tat. Err. Only R . :
S %Z”g’”' E”s' . : e Systematic error size
[T s % . . e 1
14 T 7o Sys. Errs. L A matters!
o 12F Fad - 3 — 2K measurement of
=0k . (e dcp is systematics limited
- g A Lt i ] o
< 8 E E," /;;f“ E at high statistics
- o Wt =
6 A A . e Sensitivity depends on
= o . #
af G : true value of sin“ #,3 (and
= S dcp, of course)
| L 9 —
2¢ e If errors can be reduced
GD L L 5'. - ]1JDJ 1 111.5] il JEDI Ll IEIEI |- |3u '[D En..r__fnl TEK can make
POT 1021] a >30 measurement of
[x non-zero f?'cf for any
50% v- + 50% P-mode ‘{3|UE of sin” f23 (at
True 6cp = —90°, true MH = NH dcp = —907, NH)

La riduzione degli errori sistematici e’ fondamentale->

Xsec errors ( water, NC, ‘;o)

Upgrade dei Near Detectors necessaria gia
nel 2020 ben prima di HyperK (2025)
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PAC July/15/2015
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New power projection
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* An intermediate phase: “T2K x 3”
- 3x T2K statistics (20 x 10°* POT)
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Integrated POT projection
(working assumption)

® lnteg. POT

A
) © "
® Eff inieg POT 14.01MWx107s @
! 2192 x10=POTeqy ! d:} ]
T2K approved %‘
| T2Kx3.7 | E‘.
I (T2 mod) 26xPresent -
LY
Y A T ] - - | ‘1 - *
] (] e N
lll I|' * Qo
| 2 ME+22 { { |
. . | . . ] Lof g Qg’#
Heeeedered
---------------- Semssssmm==== ——— ----Ir-*--l------_--------*
2 0805E-22 \‘
RS
| it . |
® 10MWx10’s
]
L J 22
- 021 5 e | - 2.08x10%2POT
‘Now: 0.53MWx10Ts ' ° T2K1goal [ !
1.1:10”F'Du
9 o
2016 2018 2020 2022 2024 202 2028 2030

HyperK

10 Nov. 2015. Bologna. What Next: neutrino cross sections

33



LOOKING FORWARD

« So far, accumulated ~14%% of full T2K projected POT
020 POT. v-mode: 4.0x102° POT

« |Short- terrn ~1 year
Expect ~9.5E20 POT:

9.5E20 POT

Bop=—mf2 Ser=0 Sop=+mf2

~20 level sensitivity for null CEPEREYEM 88 (46) [102(62)| 115(7.8)
Ve app. hypothesis exclusion BIELS1c Ml 99(59) | ns5(7n|129(9.3)
~60% chance for 99°% CL —
observation PTEP. %ISTD'HEDJ' by
» sk 'AI’rI:IhErlILm. r _:
g mire, . = 040 3
; . = win'e,, = 0.45 3
= Expect ~10 times larger stat. in - | e, = 80
G:‘:F’I-QD" .....-.l:ﬂ::::

v-mode data "
50% v, 50% v-mode running
* May exclude O0cp=0 w/ =90% CL
Impact of 823 degeneracy

v, disappearance measurement
Is also important

L

D = N O B b & = @
TTTIT T TT TITT

Aspettando gli esperimenti della prossima

generazione si puo' fare di piu?
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VPRISM

TABLE III. Expected number of events in the fiducial volume
of nuPRISM for 4.5 x 10?° POT, separated by true interaction
mode in NEUT.

Int. mode 1-2° 2-3° 3-4°
CC inclusive 1105454 490035 210408
CCQE 505275 271299 128198
CCln™* 312997 111410 39942
CC1qx° 66344 23399 8495
CC Coh 29258 12027 4857
NC 17 86741 32958 12304
NC 17+ 31796 11938 4588
NC Coh 18500 8353 3523
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A water target , . Parameter Value
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' |
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- After ND2B0 Constraint
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ND280 target
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A. Longhin (LNF)

ND280 POD target

Upstream Water Target Central ECal

Legend

Wavelength-shifting Fiber
Seintillator
Water
Brass
].'.[':EI' tight Cover

L.llﬁtl‘t‘ellll ECal Central Water rl‘all‘}li*t
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Interactions in the ND280 TPC gas
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Impact on o %
P cp
. R "
Systematic N 1{"?{{6 N;ﬁ%”s N 1‘;{,?0 Ngfi%[‘rs Rruc Rgruc %ﬁ
Interaction Syst.  24.1 244 114 120 42 45 1.9
Flux Syst. 6.5 66 6.0 63 09 1.0 1.3
Total Syst. 21.8 21.9 14.2 14.4 4.5 4.3 2.4
Statistical 2.5 0.1 3.2 0.2 2.5 3.1 4.3
Stat. + Syst. 21.4 21.4 11.8 11.2 5.1 5.6 4.9
111V SRS —
F L — HK+ND280 0.35 . . .
0.035- HK+TITUS 0.30 — HKonly |
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L only
0.03" : 0.25 —— HK+TITUS |
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