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Introduction
Neutrino interaction
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neutrino

* Final state particles are key to extract the incident neutrino flux information

 Goal in short: get all final state particle information in good precision for each
desired exclusive channel in order to constrain the neutrino flux and cross section

model
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Introduction
why we need neutron?

e Getting all final state particle information is necessary to constrain the
neutrino flux and cross section model

e Neutron information helps to finish the full picture of reconstruction of
neutrino interaction

e Neutron provides a complete piece of information on the transverse plane
balance
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Introduction
why we care about background?

neutrino

e In order to reconstruct the neutrino interaction properly, we need pure signal
sample

e Out of fiducial volume background is around 1%, so we care about secondary
neutron and gamma
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Introduction
3D projection Scintillator Tracker (3DST)

SuperFGD

Scintillator cube

WLS fibers

e 3DST has these features;
Fully active detector : no dead material as a massive target

Uniform : neutrino interaction is not depending on the interaction location
Full solid angle acceptance

Pseudo-3D reconstruction with fine granularity
Super fast time resolution : NEUTRON!
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Definition

1 Signal 3 Background
Critical point(c point): neutrino | \- neutrino .
_— [/ " \)) - { |
- Primary final state A X
particle’s end point in RN N 8
3DST.
- For exiting primary
particles, the C pointis the 2 Sienal 4 Background
last point inside 3DST. reutrine A i\ neutrino /"
( ) “\E )
‘..\.\‘.\ gutron. /] A\ \ X ndary neufron

T SR S —— —’
— - — ——
- —

: Earliest neutron hit is the primary neutron. - signal
: The C point is at boundary of 3DST. - signal
: Earliest neutron hit is a secondary neutron which comes from C point.
- secondary background
4: Earliest neutron hit is a secondary neutron which comes from kink point.
- secondary background
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Variable definition
- angle

e angle(0 in the figure): angle between two direction:
from vertex to C point, from C point to the first hit

e We expected that signal has large angle while secondary neutron

has small angle

angle
. ] 0.4 E—p—
first hit - slgna
- —— secondary neutron
0'35: —— primary gamma
Charged pion, 03 secondary gamma
Proton /7 '\ ..... -
Neutron... /.- 055
' —>vertex -
neutrino \ 015 |
gamma
. | |—|'_| I—I
S e S o sl IIIII| IIIIIIII |IIII|IIII|IIII|IIII|IIII
% 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
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Variable definition
- distance between C and hit

e Distance between C and hit is the distance between C point and the hit.

e We expected that secondary neutron and secondary gamma has smaller
distance than signal and primary gamma.

distance b/w C and hit

distance b/w C and hit 0.6

—— signal

first hit

- -
-
-

—— secondary neutron
—— primary gamma
secondary gamma

0.5

Charged pion,
Proton
Neutron...

/ C pOint 0.3

0.4

' —>vertex
neutrino \

muon 01

0.2
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Variable definition
- lever arm

e |ever arm: distance between vertex and the first hit.

e We expected that signal has smaller lever arm than backgrounds.

lever arm
_ ] 0.4 e
lever arm first hit - —— signa
---------- - —— secondary neutron
e 0'35: —— primary gamma
josael 0sl secondary gamma
'¢' ...0..0‘°...0?25:
C point N
—>vertex -
neutrino \ 0.15 ]
o
gamma 0.1; _:|
- ]
muon 0.05-- _|;:'—|
O:|||||..I...ﬁ???f.%-lu.
0 20 40 60 80 100 120 140 160 180 200
cm
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Variable definition
- beta

beta
0.3 .
= —— signal
- —— secondary neutron
0.25— —— primary gamma
B secondary gamma
0.2— ‘
0.15 —
0.1
0.05—
— 1 | | | !
% : : : : 1 1.2

1.4
beta
» beta: v/speed of light, v is calculated from two points.

e We expected gamma has beta around 1, and this can help reduce gamma
background.
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Variable definition
-CubeE

CubeE
0.7 .
~ —— signal
~ —— secondary neutron
0.6 —— primary gamma
u secondary gamma
05—
0.4
0.3
0.2
0.1_—:|:
0_||||7_||||||||..!.--|||||--|||
0 2 4 6 8 10 12

14
MeV
e cubeE: energy accumulated by Geant4 hits inside the cube.

» We expected that gamma has smaller CubeE than neutron, and it can
help reduce gamma.
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Variable definition
- time of flight

Time of flight

0.7 .

B —— signal

- —— secondary neutron
0.6 —— primary gamma

Z secondary gamma
05—
0.4
0.3

: —
02|
0.1—

B ]

- o

0 [ L L ! i ' L L L | I ! ! I | 1 I I I
0 5 10 15 20 25

ns
e time of flight: time difference between vertex and the first hit.

e We expected that signal has smaller time of flight than secondary
neutron.
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Variable definition
- number of cubes

number of cube

0.5

- —— signal
0.45 —— secondary neutron
- —— primary gamma
045 secondary gamma
0.35
0.3
0.25
0.2—
=l
0.15—
0.1
0.05— %L__
0:|||| l-—hh—u_n—ﬂll_ll—l_ll_l|=||_|7|_|_||_|||
0 10 20 30 40 50 60 70 80 90 100

# of cubes

e We made a cluster of fired cubes including the first hit and number of
cubes is the number of cubes of the cluster.

e We expected that gamma has more cubes than neutron and it can help
reduce gamma
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Number of cubes
event displa
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BDT input variables

distance b/w C and hit angle lever arm
0.6 - 0.4 - 0.4 -
- —— signal C —— signal C —— signal
B —— secondary neutron 035 = —— secondary neutron 035 = —— secondary neutron
05— —— primary gamma r —— primary gamma r —— primary gamma
- secondary gamma 03 E secondary gamma 03 E secondary gamma
0.4 - -
C 0.25— 0.25—
03— 0.2 02 1
C 0.15— 0.15— ]
0.27— - - Lj
C L 0.1— 0.1—
04— — c — E
- = o E
;\—\—‘—\—% — 0.05: ﬁﬁ 0.05:
’\\:}—‘:)ihﬁpﬁﬁ_pgl% SR s Wi S R T DS B B S R E T e e = = S J J
% 0 0

20 40 60 80 100 120 140 160 180 200

20 40 60 80 100 120 140 160 180 200 0 o1 02 03 04 05 06 07 08 09 1 0
CubeE cm beta n Time of flight cm
0.7 - 0.3 - 0.7 -
- —— signal - —— signal - —— signal
C —— secondary neutron N —— secondary neutron C —— secondary neutron
06— —— primary gamma 0.95— —— primary gamma 06— —— primary gamma
C secondary gamma C secondary gamma C secondary gamma
05— C 05~
- 0.2 — u
0.4 L 0.4
C 0.15— C
03 C 03[
- 01 -
02— C 02
0_1; 0.05;— T 0_1;
- e o - L - B
% 2 6 8 15 1; 1|4 % 0.2 0.4 0.6 0.8 1 1.2 1.4 % 1J5 — 25 — 25
MeV v/c ns
number of cube
05E —— signal
0.451 —— secondary neutron
- —— primary gamma
0.4 ] -
e We used 7 variables as an input of BDT.
0.3;
0.252 .
oot e Signal and backgrounds(secondary neutron
0.15;— -
+ primary, secondary gamma)
o.os% ;ﬁﬂj—L’L—%
007 10 20 30 4P5Ho‘ - ;104 - 7310u ‘ 510u 100

# of cubes ), A,p@ O[O
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BDT result (1pi OP)

TMVA overtraining check for classifier: BDT

' | a tralnnllslall'n elll :
Signal ( g sample)

- Signal (test sample)

X
T 5
Sl _|
= Background (test sample) e Background (training sample) -
© — |
— —Kolmogorov-Smirnov test: signal (background) probability= 0 ( 0) —
< 4 — — ]
N | _
—
N — —
— BES
30 —&
- — O
o 1S
| =
2 s
- =]
B 1<
— 1
- Jm
| 1a
B 5 13
B v 1%
| e o
0 Lo .ﬂﬁjﬁ‘m"[ S

05 -04 03 02 -01 0 0.1 0.2 0.3
BDT response

e Training sample; signal: 17338, background: 31490
e Test sample; signal: 2000, background: 2000

 In BDT response > 0.1 region, there is almost no backgroun
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BDT result (1pi OP)

Cut efficiencies and optimal cut value

Signal purity
Signal efficiency*purity
S/\S+B

Signal efficiency

Background efficiency
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Significance
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0.2 f"-For-1ﬂ@ﬂ-sig—nai-and-1-0(§0-ba—ckg§ro—u ---------------- -------------- ----- 5
. events:the maximum S/VS+B is: : : : :

. 27.57 when cutting at -0.03

0 Sl ()
05 -04 03 02 0.1 0 0.1 0.2 0.3
Cut value applied on BDT output

lll|

e |f we have BDT cut at 0.1, background is almost removed and signal
efficiency is around 0.5.
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Validation
-applying 3 1D cuts

e We applied a simple set of the 1D cuts(CubeE, beta, angle) to check
the BDT result is valid

e We can get 90% purity with 42% efficiency after applying the set of cuts.
—BDT result is valid
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Neutrino energy spectrum after
BDT cut

Neutrino energy

R
.
- e blue: before BDT cut
= red: after BDT > 0.1 cut
0.06]  two spectra are area normalized
o ' o after the cut, the efficiency ~ 0.5
0.023— ‘. -
:uuI....I....I....I....I....I..||I|.||‘.I||.||:I|:|||
1 2 3 4 5 6 7 8 9 10
GeV
» We checked two neutrino energy spectra, before any cut and after BDT >
0.1 cut.

e Two spectra are almost the same.
—There is no particular energy cut-off
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0 charged pion 1 Proton channel

first hit

Proton _/..--"°

/ C point

> vertex

neutrino T
gamma
muon

e |n the final state particles, there is no charged pion but proton: Opi 1P channel

e We use the same definitions of variable (angle, beta, lever arm etc)
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BDT result (Opi 1P)

distance b/w C and hit angle lever arm
0.6 - 0.4 - 0.4 -
- —— signal C —— signal C —— signal
B —— secondary neutron = —— secondary neutron = —— secondary neutron
05— —— primary gamma 0'35: —— primary gamma 0'35: —— primary gamma
- secondary gamma 03 E secondary gamma 03 F secondary gamma
0.4 - -
C 0.25— 0.25—
- c —
0.3j 02— ’7 02—
C 0.15— 0.15— =
0.2? - C T
C E 0.1 | 0.1— [:E
01— | c I e ey -
N T e = = N W o i N D D D D e L N N BN il == : L
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CubeE beta Time of flight
0.7 - 0.3 - 0.7 -
- —— signal - —— signal - —— signal
C —— secondary neutron N —— secondary neutron C —— secondary neutron
0.6~ —— primary gamma 0.25— —— primary gamma 06— —— primary gamma
= secondary gamma C secondary gamma C secondary gamma
05 C 05
= 0.2? C
04 - 04
;7 0.15? F—
03 - 03
- 01— E
0.2— C 0.2—
me‘: 0.05{— W 0.1
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0.5 -
= —— signal
0.45 —— secondary neutron
- —— primary gamma
0.4+ = =
: We used 7 variabl t of BDT
° e use variapies as an input o .
0.3 ;
0.25;
- -
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0.15—
- -
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BDT result (Opi 1P)

TMVA overtraining check for classifier: BDT

3 L1 signal'testsample) | | | o Sighal (traihing sample) | -
N _
- 7 Background (test sample) * Background (training sample)__
2 — Kolmogorov-Smirnov test: signal (background) probability = 0 (0.001) ]
< 6 — o —
= — § .
5 + .
B / ’{" _ goT
— - o
4 — R 2P o
n =
3 45
- - o
n 1o
2 e
[ _ {'n':
[ 1
i3 Bk
: 13
0 )

05 04 03 02 01 0 01 02 03
BDT response

* Training sample; signal: 7778, background: 15579
e Test sample; signal: 2000, background: 2000

20 (o)
' 0@ >l
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BDT result (Opi 1P)

Efficiency (Purity)

Cut efficiencies and optimal cut value

0.2

Signal efficiency

Signal purity
Signal efficiency*purity

Background efficiency

—For-1000-signal-and-1000-backgey
| events the maximum S/VS+B is :

29.14 when cutting at -0.01

............................................................

S/V S+B

-0.5

-04 0.3

-0.2 -0.1

0

0.1
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0.3

W NS R N R
N
()]

lll|

Cut value applied on BDT output
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0 charged pion 0 Proton channel

first hit
irs |*

—>vertex gamma
neutrino 7
muon

e |n the final state particles, there is no charged pion no proton: Opi OP channel
e We use the same definitions of variable.

 There is no C point = angle, distance b/w C and hit are not available
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BDT result (Opi OP)

number of cube Time of flight lever arm
0.5 - 0.7 - 0.4 -
E —— signal - —— signal C —— signal
0.45— —— secondary neutron - —— secondary neutron 035 C —— secondary neutron
- —— primary gamma 06— —— primary gamma E —— primary gamma
04FF secondary gamma E secondary gamma 03 E secondary gamma
0.35f+ 0.5 -
03 }k : 0.25 —
- 0.4 — - —‘
0.25 C 02
= 0.3 E
02" ;j 05— | ]
o C — [
015 02— o ]
E - 0.1—
01— m C - —
oosbL HEHL o1 LL 0.0 =
Oi””\”‘%ﬁ%‘%q,w\” ol - A B R NI B e e == ST
0 10 20 30 40 50 60 70 80 90 100 0 5 10 15 20 25 0 20 40 60 80 100 120 140 160 180 200
CubeE # Of CUbes ns cm
beta
07 -
J— 0.3 -
S|gnald O — signal
o6l T sgcon ary neutron —— secondary neutron
SE e pnmaré/ gamma o5l —— primary gamma
C secondary gamma C secondary gamma
05—
C 02—
04
C 0.15—
0.3
0.2 ; — 0.1 —
0.1 j:i:j 0.05— T
C - C
ol Ll v Ly 1 . T TR = ‘\‘gmgwmtgﬂw
0 2 4 6 8 10 12 “ % 0.2 0.4 06 0.8 1 12 7

MeV vic
* We used 5 variables as an input of BDT;
we can’t use angle, distance b/w C and hit because there is no C point

e Signal and backgrounds(secondary neutron + primary, secondary
gamma)
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BDT result (Opi OP)

TMVA overtraining check for classifier: BDT

-t
o

-Slgnal( estsample) |

Background (test sample)

. Slgnall(tlralln;nb :I~3a|mlplle)I -

e Background (training sample) |

(1/N) dN/ dx
(00]

|_Kolmogorov-Smirnov test: signal (background) probability= 0( 0)
-

0.1 0.2
BDT response

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

e Training sample; signal: 27837, background: 34764
o Test sample; signal: 2000, background: 2000

20

CAHW

S0l

CHUNG-ANG UNIVERSITY



BDT result (Opi OP)

Cut efficiencies and optimal cut value

0.8

0.6

Efficiency (Purity)

0.4

0.2

May 12, 2020

Signal efficiency

Background efficiency

Signal purity
Signal efficiency*purity
S/\S+B

—----F;or-100f)-si;g-nal-and--ﬁ-OOO-ba—ckfgrou )
" events the:maximum S/\S+B is

28.43 when cutting at -0.03
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Significance
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Cut value applied on BDT output
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Summary

e 3DST can constrain all the out-of-FV , secondary and gamma
background for CCOpiOp, CCOpi1p and CC1piOp to a level of >90%
purity with 80% efficiency.

e We expect some physics performance studies such as antineutrino flux
constraint based on a pure signal sample
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