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I Conclusion

« DUNE will give the Korean neutrino community a fun time
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Outline

dCP measurement

« T2K

 DUNE, DUNE FD, Proto-DUNE
« DUNE ND

* PRISM

« 3DST
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I DCP measurement

Non-zero mixing angle thetal3 measured by Double Chooz, Daya
Bay and RENO provides opportunity to measure CP violation phase.

== DEEP UNDER
=— NEUTRINO E

Matter effect helps on mass hierarchy identification.

Different appearance probability between neutrino and antineutrino
Indicates the CP phase. Existing long-baseline experiments are
measuring CP phase with a combination of neutrino and antineutrino
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I T2K experiment
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I T2K In one slide

P. 1A : DEEP UNDERGROUND
/ mm—~ NEUTRINO EXPERIMENT

30 GeV Decay volume: MUMON measures Off-axis far detector at

proton - vy muons from pion 295 km: SK Cherenkov

beam decay detector measures event
U= +Vy rates after oscillations

\P
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Om 120m 280m 0\ 295 km

Off-axis = narrow band beam

Beam on graphite target  off_axis near detector:

3 magnetic horns focus: ND280 detector measures
n* for neutrino mode spectra interactions

n for antineutrino mode INGRID on-axis detector
: : monitors beam direction

______ o » 1 and neutrino rate |
N N

{a) FHC (b} RHC
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I T2K off-axis near detector

Overall point: obtain non-oscillation flux and constrain cross section
POD: measure the pi0 and nue production from the beam

FGD: Carbon target (close enough to water) to constrain flux and cross
section in the numu(bar) beam

TPCs: fine resolution and low threshold for muons
ECAL: contain showers

Magnet: Measure muon/pi+- momentum

Off-axis (2.5°)
ND280

Tracker used for
results here

My .
83(?;{(;5)) See Xianguo Lu’s

talk for ND280 details
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Long-baseline experiment is to
measure disappearance and
appearance channels

Experiment setup: constrain on
numu in ND and obtain survived
numu and oscillated nue in FD

Nu mode and antinu mode
needed: at least 4 samples
needed in total

Three effects are convoluted :
23, dcp and MH

We need precision
measurement to disentangle
them.
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I T2K run time

Total Accumulated POT for Phﬁllc
sics

v-Mode Accumulated POT for
V-Mode Accumulated PDT for Phquq
20 L3 V- € beam Fower
x 10 . V- e Beam Power
JFY R EEL S ESLI BN R En
T 30 500 =
g 400 3
E 25 o
= |
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< 15 e
200
10
: | 100
: | =
05010 T 20N V2017 ! ZDqS
Year
23 Jan. 2010 - 31 May 2018 v-mode 1.51 x 10%! (47.83%)
POT total: 3.16 x 1041 v-mode 1.65 x 1021 (52.17%)
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I T2K oscillation results

d = s

CP

FHC 1Rp 268.5 268.2 268.5 268.9

RHe SR 95.5
No decay e

i 6.9
1 decay e

RHC1Re  11.8
0 decay e
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Predicted

0 +1U/2 _

95.3 95.5 95.8

61.6 50.0 62.2

6.0 4.9 5.8

13.4 14.9 13.2
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I T2K results

T2K Run1-9¢ Preliminary
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How to improve?

 SK detector cannot be largely reduced
* Sk FSI+SI+PN cannot be largely reduced
« ND280 contain the flux and xsec at few percent level

 Improvements:
- Detector: better topology, lower threshold
- Shape: broad band beam
- baseline: longer!

% Errors on Predicted Event Rates, Osc. Parameter Set A

1R p-Like 1R e-Like
Error Source FHC RHC FHC RHC FHC CClmt FHC/RHC
SK Detector 1.51 3.03
SK FSI+SI+PN 2.20 1.98 3.01 231 11.43 1.57
ND280 const. flux & xsec 3. 22 2,72 3.22 2.88 4.05 2.50
o(ve)/alvy). olve)/olvy) 0.00 0.00 2.63 1.46 2.62 3.03
NCly 0.00 0.00 1.08 2.5% 0.33 1.49
NC Other 0.25 0.25 0.14 0.33 0.98 0.18
Total Systematic Error 4.40 3.76 6.10 6.51 20.94 4.77
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DR(VE Do unoercaono
T2K vs. NOVA

- T2K in Japan with 295 km baseline and 0.6 GeV peaked neutrino beam

- NOVA in USA with 810 km baseline and 2 GeV peaked neutrino beam
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o
Total events - neutrino beam v, CCQE-like candidates

- T2K observed CP violation > 2 sigma. If NOVA goes to the same direction (not yet),
a combination of them could reach 3 sigma in the near future.
- Five sigma measurement needs a newly built wide-band beam, longer baseline

experiment, like DUNE.
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I DUNE Collab.

NEUTRINO
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I DUNE experiment

High-intensity wide-band muon neutrino beam located at Fermilab.
Cover at least 2, up to 3 electron neutrino appearance maxima.
- 1.2 MW proton beam upgradable to 2.4 MW.

 Muon neutrino disappearance and electron neutrino appearance
channels will be observed at a high-mass far detector with a baseline

Of 1 3 O O m. Primary Beam Enclosure

Apex of Embankment ~ 60’
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MI-10 Point of Extraction

Near Detector Absorber Hall Target Hall Complex
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Physics goals In DU%NE

* Precision measurements of the parameters that govern muon neutrino to electron neutrino
and anti-muon neutrino to anti-electron neutrino oscillations

- measuring CP violation phase
- Determine neutrino mass ordering
» Search for proton decay in several decay modes, for example p— kaon and antineutrino.
« Detection of the electron neutrino flux from a core-collapse supernova within our galaxy.
* Ancillary goals:
- Beyond standard model physics: NSls, sterile neutrinos..
- Atmospheric neutrino oscillation

- A rich neutrino interaction physics program utilizing DUNE near detector such as cross
section measurements, studies of the nuclear effects and nuclear structure..

- Dark matter...
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CP Violation Sensitivity

- DUNE Sensitivity 7 years (staged)
12— All Systematics 10 years (staged)
" Normal Ordering = Median of Throws
| sin26,, = 0.088 +0.003 1o: Variations of
10 0.4 < sinﬁe < 0.6 statistics, systematics,
2 and oscillation parameters
8
o =
=
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N g
© =
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-1 -08-06-04-02 0 0.2 04 06 08 1
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—ia DEEP UNDERGROUND
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Aim at 5 sigma CP violation
measure after 7 years running of
FHC + RHC modes.

Time plan :

- July 2017: Far detector site
ground breaking

- 2018-2022 ProtoDUNE single
phase and dual phase

- Late 2019: FD TDR approval

- Aug. 2024 - May. 2025: 1°° 10 kt
FD installation

- Aug. 2025 - May. 2026: 2" 10 kt
FD installation

- 2027: ND and LBNF beam ready

‘\\\\ Stony Brook University DUNE Korean Workshop 17 /73



I DUNE Far Detector

FD is located at Homestake in South Dakota

with a number of 10 kt liquid argon TPC modules.

e Each module has 3 Anode Plane Assemblies (APA).

- 384,000 cold electronics channels

 Cathode planes (CPA) operate at 180 kV.

3.6 m max drift length

« Photon detection system to provide TO.

Liguid Argon TPC

Egrifr — SOOWCIm

‘\\\\ Stony Brook University
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Yates Complex \

Ross Complex.~

Property Summary

186 acres (surface)
7700 acres (underground)

Run 3493 Event 27435, October 23rd,
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t HV Feedthrough

Detector Support Structure (DSS)

I Proto-DUNE

Active o6m x 7m x 7.2m volume with 0.77 kt LAr,
~3520 wires per APA.
* Goals of protoDUNE:
- Prototype the production and installation.
- Validate the design and performance.
- Accumulate test-beam data to calibrate detector.

- Demonstrate operational stability.

Taking data in CERN!!

Time to Celebrate
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(\ NEUTRINO
I What should ND do?

Ideall P, —v.(E,) ve” (5 v ()
eally: N = — = ,
y YTV (p{fr,no GSC(EV) CI)EEQT(EV) * Ffﬂ'}';"netw (Ev.)
deet
—— = i (B)) » o] (Ey)
Event spectrum: i
lef'Iet t [
e = | G5B 0L (B) + T (B ) dE,
However... s
dN]{;ar )
dE, N gy, (Ev)
/iN;‘Lea?‘ = Pvu%ve(Ev) m Fft}f,r;’near‘ (Ev)
Just make them dEy
Canceled?? dN]j; ar -
GBroc  J Poyov (Bv) * QU2 (E)) * Frarmear (Ev) * 03] (Ey) * Ty, (Ep, Erec) dE,y
dNy 74" | &30 (Ey) * Uﬁf" (Ey) * Ty ;" (Ey, Evec) dE,
dErec
It turns out...

Ambiguities need to be resolved w/: - Independent flux measurement

- Good cross section modelings

- Reconstructed energy to true energy mapping
‘\\\\ Stony Brook University

- Near to Far flux extrapolation
DUNE Korean Workshop
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What should ND do?

~ Flux prediction _ Vvinteraction model  oscillations __FD simulation
-d-m M 21T, | 20 G, N[]I“J.p;,u-‘.u" : (! : — —‘__l.:. e
i == “
%-m —vemods ¥, = Pmde v, | - E o
g 10 § 086
ém L i 0.4
N S —————— T ex
{[] ] 2 i 4 5 H T .1 LI:.‘lK‘.-l:I

FD samplesl'

Evenis per 0.25 GeV

_ Oscillation sensitivity results

3 a 5 & 7 L]
Recansirucied Energy |GaV)

= Fitting framework

Systematic uncertainties
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DUNE ND hall

~19m

—— 520" 19.20]

340°10.35] = /
. ey .
34'11°[10.64] :
| e ' -
30'7"[9.32] i@. HPal i 28'1"[8.55)
L . 1 8'0"[2.43]

€ LAr TPC S [
5[0.12] 381.11] = fert —207[0.61]

——  =—50"[1.52] EGRESS

11[0.28] ==

 There is a liquid argon detecrtor

« There is a magnetized gas argon TPC system
 There is a magnetized 3D projection scintillator tracker.

* Part of the ND system will be movable.
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Neutrino interaction bias

« A fake data example:

20% proton kinetic energy transferred to unseen neutrons.

Adjust other parts of cross section model to make ND observation look good.

This is the way to do oscillation analysis in reality with only an on-axis ND.

Incorrect way to “fix” the ND data and prediction agreement causes wrong CP.

* A clear way out - “Calibrate” reco. vs. true energy map.

oy g
=
Near Detector Erec On-Axis Far Detector E l > o6l 7 years
( 90% C.L. . o
""°°‘ Nominal MC Nominal MC | «& | Contourg  —MockData
=% Fake Data Fake Data < 25

10000 -
|

Eec distributions for the
same osc. parameters!

m ) Qrﬁ.’.’ﬁlﬂ O

,,,,,,,, 2.3

" Erc (GeY) - Erec (GeV)

|- .r. ’
000}~ 5

. e

5000}

000

2000

=

- Ll |
] 1

0-4 1 1 1 |0-.45 1 1 1 0-5 1 1 ﬂs‘Sl 1 1 D..-a
Sin‘0,,
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o Ereco :LGB\"}
|Ill'hll Imll Ilm

I DUNE-PRISM

* Moving the near detector off-axis the
spectrum energy goes lower and lower.

* Linear combination of off-axis spectra
provides data-driven reco vs. true

mapping.

* ND hall is considered to be extended
along the transverse direction of the
beamline. -

0: A WE EETENE e NEEE 'I. -q‘-
0 0. 116 2 25 3 35 4 45

b

Etrue [Ge\.’}
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— In(";reasing dﬁ-axis angle

ND ND ND ND ND
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DUNE-PRISM : What to do?

 We are able to directly measure oscillated observables at
ND with a wide energy range

« Mono-energetic beam can be formed as well to obtain reco.
vs. true mapping.

( Oscillated Fluxes at the ND! J
( Pseudo-Monoenergetic Beams N
025 T I I B _— '.5 B Sin°(0,,) = 0.5, AmZ, = 2.6x 10° eV*
T - o [
o e ) - Fluxes up to 40m
5020 : o 20
a [ . £ ' i
%0.15:— 3 G - Fit region
— : : b. B 1
>
G 0.1 — g 10__
o L ] ~
00.05— = S I
g - i1 H } R 0 :
it ? S~ S | S U S S,
. ] 213 0]2 0
-a.aso—,, , ,0|5, » 1| el é . ,2|5, » :; . '3I5 . —4 o 5_0_5
' '\'u Energy [GEV:I- ' [ E 0 1 2 3 4 S 6
= E, (GeV)
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ROV \eummmo expermvent
DUNE-PRISM : How off-axis?

 The main reason for DUNE to use a wide-band beam is “The
difference in probability amplitude for different values of CP is larger
at higher oscillation nodes, which correspond to energies less than
1.5 GeV.” An observed spectrum down to 500 MeV is desired.

« To fully utilize the power of DUNE-PRISM, we should fit Gaussian
peak down to 500 MeV, which corresponds to > 30 meters off-axis.

CAFAna, v-mode, 40x 3.5 kt-yr, NuFit4 Osc. Gaussian x2/dof vs Max Off-Axis Position

Gaussian Peak Positicn [GeV)

S L. B = T |

Selected v,-like Events / 40x3.5 kt-yr

0.2 0.4 0.6 08 1 12 e
EDep_ = ETrue + EDe:p (G@V] o Max Or?-zn; F‘cl:usiﬁ.on Il:m"‘:lu -
\ . .
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DUNE-PRISM : procedure

* Defining reconstructed energy

* Doing linear combination of ND off-axis flux to match
oscillated FD flux

* Apply the linear combination coefficients to the ND off-
axis data to match FD data

- Apply flux fit correction

B o T
and efficiency correction < °%| I ND Data
. . E 400 g ’: FD Flux Correction
« Repeat for all oscillation & 3005_ | ———
parameters ; (Note: existing MC stats for ]
- Based on the best linear 200¢ HD Ofr-Axisarewayito o),
combination, find best fit 100f
oscillation parameters o LadU ot
0 1 2 3 + 5 6 7 RWS 9 10
E, (GeV)
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 Now, with a movable LAr + GAr:
- No beam stability monitoring
- Largely blind to neutrons
- Only one nuclear target, hard to test model

q\\\\ Stony Brook University DUNE Korean Workshop 28 /173



(\ NEUTRINO

3D projection scintillator tracker (3DST):
a handle for Flux systematics
* Plastic scintillator detector with 1 cm x 1 cm x 1cm cubes - Fully active

- Light collected by 3 wavelength shifting fibers
 Each cube coated with TiO2 to keep light entrapped inside the cube

 Read out by MPPC at 3 faces
 Combining with TPC and ECAL, it is named 3DST-S (3DST spectrometer).

Scintillator cube

-------
- . - ol
.......

WLS fibers

q\\\\ Stony Brook University DUNE Korean Workshop 29/73



3DST: Synergy with T2K upgrade

Functionally identical to the T2K super-FGD in T2K ND280

Share the effort including hardware and software such as parts production,
R&D, neutrino event reconstruction etc.

* Stony Brook in both working groups

Super-FGD proto-type
by T2K upgrade group

' HA-TPC

R s s W PP EEr T
Y o
i e
T
S o 8 (
e s
e e e aasan

\ . : arXiv. 1901.03750
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I 3DST-S/K

« 3DST-S containing 3DST, TPC and ECAL inside a magnetic field
(>0.6T)

« The magnet could be the KLOE magnet

Side View gy

\ i :
‘\\\\ Stony Brook University DUNE Korean Workshop 31/73
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I Purposes of 3DST—S/K

Beam monitoring:

- A2.4m x 2.4m x 2m 3DST can provide daily event rate monitoring with
<1% statistical error.

- As a spectrometer, 3DST is sensitive to all major beam condition
changes which would give neutrino spectrum distortions.

* Neutron tagging and energy measurement: Fast timing, high light yield, low
thresholds and fine granularity give good ability for neutron detection.

* Measuring the neutrino flux (via neutron detection):
- Single transverse variable can be used to select H-enriched sample.
- Channels such as low-nu can be used for flux shape constraint.
* Scintillator (CH) cross section measurement:
- DUNE is model dependent, thus A-dependency may be important.

- 3DST scintillator measurement can provide us a bridge to the world
scintillator cross-section measurements.

‘\\\\ Stony Brook University DUNE Korean Workshop 32/73
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RV e
3DST neutron detection

e Minerva sees neutrons.

* Neutron multiplicity, energy and spatial distributions,
timing all fairly well described by simulation in Minerva.

£ 0.0< g, <0.4 GeVvic )
C I § 0.10tE .., > 10 MeV
GEREET Bl TR S g arXiv: 190104892
N Neutron Candidate cale 3
1004+ MEV 'E
i Muon activity excly ! Y
QJ 80—t—m— Veﬂex 1[ :Nmm —
-g 70 | BOX II"wi.. - _§, 1.0 "l'"' ...... t .Jlrw:_ ™ * i
= . |, 2 05735 ] 20 40
c 60+l 4 n ! Untracked aCt|V|ty 5 candidate z-distance from vertex (modules )
2., /|V e isspatially connected 3
@, K | to activity from vertex g o.u]:f;fi;::f"“
L IR inU and V views, . g
01 | . don't search for neutrons £ 010 arXiv: 1901.04892
20 - ~ (MC says it was a pi-) 2 $ . ' '
10 . i I8 I B I | n | 5 0.05 ) 1.
X “top” view ECAL HCAL || = .
s I T T T T T T T T T T Tt L_“::___'_
5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100105110115 % 15 v,
module number £ ¥

[1] 10 20 30
candidate time since vertex (ns)
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3DST neutron detection

 Antineutrino mode is crucial for DUNE.

* Neutron is the last piece to fully reconstruct the neutrino
energy for the antinu. Mode.

* Thus, we can do flux constraint and cross section model
tuning with neutrons.

PE YZ Time of First Hit from a FS Neutron Versus Distance
— 2400 — - s A e — ;
e 1 3 z - '.:|'. 1 .I o Mg 1 3 10¢
EF | : . : g ﬁ L
200 - | Signal: neutron from = £ ;r* k,.. S s
1800 f~ .-, . " ; = [ N T R
- 1, e 35 I- ' ' ' . '
k. -ﬂl neutrino interaction .5”4., ¥ .‘ TR !
1400 - *° i O K. % b an e * AR
0 E | aver arm E - e
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3DST neutron detection

 Neutron energy can be measured with fast timing.

* Out-of-FV (fiducial volume) background can be controlled.

wix[1]:vix[2]

Rock + )
Upstream detector
+ magnet
Give neutron
background
—o v Standard Deviation Energy (signal) e
. o v
E 2= S e
2ol ek -
- E ..
15__ .................. 151 / ///
= - / [ |
: o e e € - -
C - ; —
5:_ ' B e s T e LD W S W e e T
0 4 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

Lever Arm [cm] Lever Arm [cm]

\ i
\\ Stony Brook University DUNE Korean Workshop 35/73



Pl i DEEP UNDERGROUND
m— NEUTRINO EXPERIMENT

Neutron beam test in LANL

 LANL (Los Alamos National Lab) provides neutron beam ranged
from 0 -800 MeV

« We have two run time: ~ 3 weeks at 15L 90 m location

0 m location

Flux at 90 meter location

1072

1 0—3 T~

per proton per sr per MeV

1 0-4 \

. i | i
10 102

neutron energy (MeV)
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I Two prototypes

* SuperFGD prototype being used for the charged particle beam
test in CERN (24x8 48)

« US-Japan prototype uses some new designs that will be used in
the T2K upgrade, probably 3DST (8x8x32)

 They can be combined in a number of ways

SuperkFGD prototype US-Japan prototype

ojloc o 0 o oo

Flole ¢ 0 & e
g
alo o o o olo

e ‘\_\_
.
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Detector with run-coordinators

‘\\\\ Stony Brook University DUNE Korean Workshop 38/73



Proton Beam
Structure for
LANL Beam Test

675 us

"S5 §A ™ DEEP UND
%}(\ m— NEUTRINO EX

Time structure 1

Every 6th macropulse
delivered elsewhere

8.33 ms
e —

Macropulses
(347 micropulses)

Beginning of macropulse/spill
Data acquistion starts

Amplitude
ramps up at
start of
macropulse

2,
0 /o) u/:g
e
Strie.
1.8 us g

)Time

Micropulses
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Time structure 2

What we see in the detector: z:_ f .
ook
zeomn /- UL zoom o

Hits produced by gamma
flash which reaches detector

before neutrons \
hist]
2 7000 E— ;:;u i |
. -EOD'D:—\ B
Hits produced by : oo
neutrons. Could be high  *: ll 5000
energy neutrons with 4000 (\ o
slightly longer TOF than s \ o
gammas or low energy \"‘--.. \\
neutrons that have a TOF  ** ﬁ " e
longer than the oot ] "‘*n-..,wm 1000
micropulseseparation _||||||||||||||||||||:-N._|"|||||5m“|*?|'r—|~u ||l|--.|.J]|IIIIIll..lJJI||||l|."‘103
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LANL test: Event topology

Super FGD prototype

allEvents_hitMapXY allEvents_hitMapXZ

allEvents_hitMapZY

Number of hits
Y posilion [em)

uO 2 4 6 B 10 12 14 16 18 20 22 24

4 6 8 10 12 14 16 18 20 22 24
X jposition [cm]

X position [em])

Z position [cm]

US-Japan Z fiber

Channel

\ i 4 . __ ! . ADC counts
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Super FGD

DUVE

DEEP UNDERGROUND
NEUTRINO EXPERIMENT

LANL test: Some event displays

XY view XZ view XY view XZ view
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5 F i B 220 ET ¢ B e :
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I 3DST A CH target

—_— — — — -

* There will always be model-dependent thlng in the analysis.

With current model, we are missing something fundamental:
scaling

 Having a simultaneous measurement on neutrino CH

interaction offers a unique lever-arm for model validation and
discrimination

* Unrealistic to expect a model for oscillation analysis without

proper validation and tuning informed by the near detector and
external data
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3DST : tuning Ar model

 Models that moves beyond simple Fermi-gas approximations on
the timescale of DUNE are expected:
An example is the Relativistic Mean Field (RMF) model

https://arxiv.org/pdf/nucl-th/9905060.pdf

e RMF calculates interaction cross section on different nuclear
targets in the same framework using the same physics

« Working great with electron scattering data

45 RS R T T T 160 T 140 Y
Z.. B )
=40 C - data i - 1401 Ti Al ] 120+ Ar
= 35| — SuSAv2-MEC -~ ] ' i
8 -—- QE , 120 g 1 100 &
5 30F ----2p2h f - / g
=@ P . f 100F / i 4]
£ 5zl Inelastic I N P 80+ !
125 ] eligE ! 1 )
a0k ey i i 80F e P
5 s i 60+ ; f 2 601 ' /
3 15 e | i 4 e ;
" Sl [ /A T I [— . / 40+ g /
- 10,_ """""""""""" 4/ . 40_ o ! N g el !
mb 3l -";f“-. 20F el
o 5_ p -”—/‘, 1\“."-._‘_ | 2[}_ "!’J.I, \“-‘-. 2 !//f h [

——————————— L ety L~ e m——f s m—— = L il P L L T Lt pleghai “I = -
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Conclusion (the real one)

« DUNE near detector baseline:

A liquid argon detector

A gaseous argon detector
DUNE PRISM
The most interesting: SAND (3DST + KLOE magnet)
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I Backups
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Detectlon systematics

We must have a same-target-as-far detector :

ArgonCube : A modular detector with short drift volume

 Covering same neutrino interaction phase space as far
detector.

* Pixelated readout developed by LBNL (arXiv: 1808.02969)

£S5 .

== |o{s=fae]

Module
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Detection systematics

* A finer resolution Ar target is useful for better understanding of
the neutrino-Ar interaction and final state particle detection.

* First test-stand will be ALICE inner readout chamber

Magnetic model showing coils only.

PEP-4TPC| | |'

-dE/dx (keV/icm)

1l L 21 o3oa sl L 23 oaop sl
0.1 1 10
Momentum (GeV/c)
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Cross section systematlcs

hadron transport

T m— — —

nuclear model | I primary mferacﬂonl & hadronization
—

/

* The initial nuclear model often
based on Fe rmi gas The LFG description of the nucleus has been shown to

be well suited for inclusive processes and nuclear excitation

. . . energies of around 100 MeV or higher [1,37-42]. The reason
¢ Known tO be Overly Slmp|IStIC, 1s that in these circumstances one should sum up over

From Nieves et al. (Phys. Rev. C 83, 045501

not SUitable for eXC|USive several nuclear_configurations. both _in_the discrete_and in

. . . the continuum. This inclusive sum is almost insensitive to

Scatte r'ng pred|Ct|0nS the details of the nuclear wave function,’ in sharp contrast
to what happens in the case of exclusive processes
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nuclear model | | rimary mferacﬂon | & hadronization | hadron transport

e e R R ST VR e e e St TR i . Fie g e O R S N

/

* In principle, we need an exclusive input
d®o

- for example, for CCQE, oao az apn

« However, what we usually have is an inclusive cross
section, with only part of the required kinematics:

d-o do

or even just

dwdq, dQ*
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Cross section systematlcs

v

/ -

p Fe —)pXTp 62MeV
* We usually use cascade model to T | o
describe final state interaction - w—w S — .1
- The model has been carefully gL mwumlf Fhyg
tuned to hadron scattering data, 'F From Steven Dolar;" E
but still struggling L - - -
Energy [MeV]
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Cross section systematlcs

* All these components are independent and not linked :

- The nuclear potential in FSI may not be the one in the
nuclear model

- The primary interaction may not be affected by the
nucleon sampled from the nuclear model
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INeutrino beam

Target hall decay pipe absorber hall

~230 m

Beam-related uncertainty sources:
- Proton beam direction, width
- Target density, location

- Horn alignment: there are three
horns

- Horn current

- Decay pipe
q\\\\ Stony Brook University DUNE Korean Workshop 53 /73
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IBeam instability

« Beam accidents happened before. Target damage model in FLUKA08
| MINQS_PrqI?minarf

Change in ND flux

% (due to corroded

degradatia

10

MINOS ND low energy running ) C
= s B ;
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I Beam instability

 Use off-axis ND flux to match FD oscillated flux

Original

x107
E 45 2
S 40 ©
@ *  nominal
8‘ 35 8' x 71‘04‘5 T
-% 5 = — target flux
o £ E
o - 5 35— S
5 30 o] 3 305 fit flux |
L) M —
25 £ & E
L 25 s
20 & 2.0; é
15 s i
1.0 ]
10 7
0.5
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I Beam instability

 The system on-axis 50% of the time while 50% off-axis
 When detector goes off-axis at 6 meters, beam changes in shape.
« Total rate over energy not changed

* This case was made with ~ 6 mm horn 1 X shift + overall rate
compensation.

varied Difference

_ -9
x10 45 x10

w

40

no

35

Off-axis postion (m)
Off-axis postion (m)

30

—_

25

@, (cm? per POT per 1 GeV)
@, (cm? per POT per 1 GeV)

20

()]
o

15

10

E, (GeV) E, (GeV)
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I Beam instability

Flux

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0
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* Applying the linear combination coefficients to the
changed ND; FD shifted as well (50% of time)

4)51‘0\71\5 T ‘ T

- shifted ND extrapolated FD flux

é nominal ND extrapolated FD flux

g shifted FD flux

e sin®2(theta) = 0.5 -

- Dm2 = 0.00252 =

=

E—* | !'i, NIRRT A AN -- 4 o ‘:H! e e Ln_p-—_c-—-h;
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I 3DST performance

Super fast and high light yield

Radiation length ~ 40 cm, TPC
and ECAL needed in addition

200

Number

180

160

140

120

100

80

60

40

20
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to 3DST

~100% charge ID for tracks

below 3 GeV

2 fibers

#point 124 mm: #ch7, #ch10

Entries 10661
Constant 1816 £2.9
Mean 83.1+0.3
Sigma 18.11+£0.43
L.Y.=83.1 p.e.

arXiv. 1901.03750

O

50 100

1 1 L,
150 200 250

Number

Efficiency

IQ (\ m— NEUTRINO EXF
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3DST-S/K: Beam spectrum monitor
« The 3DST has the ability to detect FS particles.

* With the shape measurement over a time period, 3DST is sensitive to beam
parameters.

 An example: With only muon energy measurement, 3DST provide good
sensitivity to the beam condition changes.

 Major beam variations have been tested.

Stat. Error and detector effect (smearing + efficiency applied)

—_— | T T T T ‘ T T T T ‘ T T T T | T T T T T T T T T T T T

8 3 . o .................. horn 1 x Shift 0.5 mm

s | horn 1 Y shift 0.5 mm e R

O 2.5 . ; T e S ,

= horn 2 X shift 0.5 mm ot opr 2 10%})3“(@6\/) (B-field=0.6T)
g) 2 . 0 .................. horn 2 Y Shlft 05 mm __ . . ' """ ,, - ey ----- : pT - 6

— 1.5 —]

= e T N v

o

0 1 2 3 4 5 6 7 8 9 10

\ Muon Energy (GeV)
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sqrt(chi2)

Beam targ. dens.
Beam offset x
Beam theta
Horn 1 X 0.5 mm
Horn 1Y 0.5 mm
Horn 2 X 0.5 mm
Horn 2 Y 0.5 mm

4 modules
One-side rate
One week

1.9
0.7
0.2
1.9
0.7
0.2
0.4

Muon
Spectrometer
One day

7.8
6.7
19.9
8.8
12.8
9.9
6.3

« Summary of the cases that rate-only
measurements are not sensitive enough

q\\\\ Stony Brook University
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Rate monitor —» 7 ton each module
Spectrometer —» 8.7 FV In total

00000

00000 i i
ooooo g =0T 00 Pr(GeV)  (B-field=0.6T)
8000 |- = PT 6 E

4000 |— ] —]

Events per day per 0

6 = ‘7 B ‘8‘
Energy (GeV)
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I 3DST performance

Relatively high statistics with g “_a_j‘__ﬁ__——*_ N
TR - -

HydroCarbon target S | | E

. . . 0.6] | = =

« Tracking particles over 4pi space osE- E
0.4F- —

* Low proton threshold osE. E
For one year oaf - aXiv. 1901.03750 3

o 1 . _ 5 0T—%8 06 04 03 0 02 04 06 o8 1

anne v mode vV mode True Muon cos 6

v, CC inclusive 13.6x10% | 5.1x10° _

CCQE 2.9%x10% | 1.6x10° § 1f— arXiv. 1901.03750 R

CC 7° inclusive 3.8x10% | 0.97x 10 & —'_F:'_%T:—— -

NC total 4.9x10% | 2.1x10° oo [ . ST —

v,-e” scattering 1067 1008 e I BT R o B

v,, CC coherent 1.26 x10° | 8.6 x10* T | | B e ;

v, CC low-v (v <250 MeV) | 1.48x10° | 8.8 x10° oa- |1 SFGD (Al -
ve CC coherent 2.1x10° 719 : - SFGD (noYZ) 1

v, CC low-v (v <250 MeV) | 2.1x10* | 4.7 x10? 0.2~ [P SFGD (noXZ) -
v, CC inclusive 2.5x10° | 0.56x10° = — — SFGD (noXY) :
Og=——506" 400 " 600 500 1006 1206 1400 1600 1800 2000

True Proton Momentum (MeV/c)
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Flux constraint - Single

transverse variable
* STV cut provides a less-FSI sample.

» Selecting CCOpi as a demonstrator; can
potential do single pion channels as well.

> P, no STV CCOPI STV 100 MeV CCOPi
10 10 T T

>
<) . 400¢ =

350C

300¢

3
=
[

STV 50 MeV CCOPi STV 20 MeV CCOPi
10 . . 10 . .

- E 3 3
] - = 3 s
[ E = E
: : .
Work in progr E -
2 E -
N N IR R B N S S AR R
Recons tructed energy Reconstructed energy
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I Flux constraint - low nu

* Low nu cross section is flat along neutrino
energy — flux shape info. can be constrained.

3 — nocuts mwH"H”“HWHW‘H;

do _GEM [ r_ 2 F F v Mm(l_RL)F v Fy F 1 ? 25::?)?23 f
W /U(Q—E—V[QZF-’E:%}-I-QES[ 1+ R, 2]%-@[1_'_1213?’33])(-’3 %, 0l 5
- True nu : neutrino energy — muon energy 2 L0 E

- RHC only as a demonstrator for neutron e E

detection ability

i A T A T W i R RO,
- Isoooo

3.5

3.0

Nu without neu
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2.0

‘HH‘\H\‘Hl\lHH‘IH\‘\ ‘
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%% ‘
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3DST neutron beam test

* LANL is our target facility for the beam test.

» With TOF, we have good neutron energy resolution in LANL.
. / '.7’ Lfi/ proton

444444
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3DST neutron beam test

* We can study the detector response as a function of neutron
kinetic energy up to 800 MeV - mostly via n-p scattering

« Can also look at charged pion production

 Measurement of the absolute cross section should be possible
via attenuation of events as function of depth in the detector

= 18—
5 16k CAPTAIN S—

— ' rC —— GEANT4
© 140 — FLUKA

iy

neutron flux

|
|

o b b b b bvaa bova b

0.6 : ; ———
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proton tracks 0.2
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200 400 600 800
Energy[MeV]
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Neutrino Oscﬂlatlon

Neutrinos propagate in mass states and interact in flavor states.

« Three generations of neutrino have been found corresponding to lepton flavors.

 Three “Euler” angle has been measured.

- mixing angles 12, 13 and 23 are measured by various neutrino
experiments with different sources, Octant of angle 23 is not clear.

cosf  sinf cosf sinf

—sinf cos(;‘? o . EC—sinH cosf . . . -

2 ase:c[ml] f._ - - . Vs, -1

- 1 l/ s = . = . - - -

7 > V2 PMNS NH

O
\ =

Uet Uer Ues 1 0 O K4 0|size™ ci2 s;2 0
Upmns =| Ui Upo Uz | =0 ¢35 so3 || 20 1 —s12 €12 0
U Up Ug 0 —s23 23 J\[—513€° |0 13 0 01

with §;; =siné;; ; c¢;j = cosb;;
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Current/Past neutrino
oscﬂlatlon experlments

Solar: BOREXINO, SNO..

Atmospheric: Super-K...

Accelerator: MINOS, NOvVA, T2K...

Reactor: Daya Bay, Double Chooz, RENO, KamLAND...

Cosmic: IceCube...

SNO (v, - v,.)

A

T2K
Stony Brook University

Double Chooz (Ve = Ve)
DUNE Korean Workshop

Zenith

/L

Isatropic flux of
cOSmic rays

Super-K(v, = v,)

50 m leetap— = oo

Amundsen Scott South

IceCube Lahoratorv 86 strings of DOMSs,
D ta is collected here and

lby \H: e to the data
warehbuse at UW- Madison

set 125 meters apart

Q‘# Sl

5

LB o OO HF' e
|
IceCube
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Known unknown questlons

 Why are neutrino mass so small?

- Is there a connection to GUT scale?

- What is the mass?
* |s neutrino Majorana or Dirac particle? Neutrino-less double beta decay?
* Are there light sterile neutrino states?

- Some anomalies need explanations.
 What is the mass hierarchy?

- solving along with CP (DUNE) or measure very good
energy resolution (JUNO).

* |s CP violated in leptonic sector?
- Is this the key to matter-antimatter asymmetry?

- Long-baseline experiments aim at resolving it.
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= DEEP UNDERGROUND
m— NEUTRINO EXPERIMENT
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(\ — NEUTRINO
3DST neutron beam test

Beam structure of LANCSE -

[\ [25pg\ [\ | 8.3 ms (minimum)’
- Intensity can be adjusted to very low ‘ '
- Neutron energy can be determined

precisely using TOF ~1.8 ps O(ps)

« Option 1 Original proposed 3DST prototype:

10 cm _"'

Study the basic neutron hit detection
it efficiency

From Jairo (S;DSMT)
5cm/ Re-shaped 3DST prototype:
n n e
- n 5 cm Better containment of neutron scattering
in 3DST

10 cm

* Option 2

40 cm

Separated 3DST prototypes:

* Option 3

Study the neutron scattering kinematics.
Second module can be in different angles
3DST module is small, easy to move.

5 cm/
n n *Anything in ]
—_— 5cm

between? n

20 cm 20 em
O(100 cm)
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DUNE ND :
flux measurement

* Target independent

« Better use channels that cross section well known.

- Neutron-electron scattering: Pure weak interaction; signature is
very straightforward electron.

- low-nu channel: Very low energy transferring from neutrino to
nuclear system; Cross section is independent of energy; Cross section
depends on ability to measure all hadronic energy including neutrons.

Minerva neutrino-electron Minerva low-nu

Cross section

Minerva neutrino-electron

scattering event
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DUNE ND :
flux measurement

- Coherent channel: No Long/short range correlations and no
final state interaction; Cross section not well known and small;
Pretty forward-going lepton and pions.

- Hydrogen interaction: No final state interaction; No initial
state transverse momentum- identify by transverse
momentum balance; Neutron measurements may be needed

for this.
T2K transverse momentum

Minerva Coherent interaction event — extract hydrogen interaction
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DUNE ND : Cross section
and smearing

* Unknown initial state: neutrino energy and nucleon momentum

* Unknown final state: Neutron, protons below threshold
* Unknown detector smearing
* Very model dependent

--— ND philosophy:

* Measure as many exclusive differential cross sections as
possible.

 Tune model.
e Extract cross section and smearing from simulation.

--— We start to consider detector configuration based on the
Ideas above
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