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Important questions to be answered

» Facts about neutrino oscillation that we know
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- Neutrinos interact in flavor states and propagate in mass states— oscillation nature

- All three mixing angles are none zero— room for a CP violation phase measurement
» Key questions to be answered by long-baseline programs

- How well we know about the CP violation phase?

- How well we can determine the mass hierarchy?

Mono-flavor
neutrino and
antineutrino flux

Near site Flavor Mass Far site
) Electron Neutrino ) m; Neutrinol

@ Muon Neutrino my  Neutrino2

Measure unoscillated ) TauNeutrino m3  Neutrino3 Measure oscillated
Flux and interaction Flux and interaction

Controllable: L and E
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Neutrinos generated from hadron decays
caused by proton hitting targets

Two op(s)osne horn currents changing
focused hadron charge resulting in neutrino
(FHC) and antineutrino (RHC) modes

A FD (far detector) with a very long baseline
and a ND (near detector) close to the beam

ND: Magnetized hybrid
tracking system

Quite often, FD off-axis to reduce the hngh { o Pt _\
energy background 7 \ e b e - | ‘
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Why we want to measure neutron kinematics?

far far
Ideally : v (Bv) L)
d)far,no—osc(Ev) (f):}:ar(Ev) ¥ Frarmear (Ev)

dNget
Observable aF. 3;"(51}) * o—\ﬁr (E))
lec’iEt t t
r
Even more o [ #9E) LTI (B) T (B ) B
rec

Highly degenerate and

For Neutrino and antineutrino not directly cancellable

separately, it turns out to be

QMUL Neutrino Seminar 6



Why we want to measure neutron kinematics?

far
dN] |
dErec - J.P"u_”’e(EV) near(Ev) % Ffar/near (E/

Philosophy at near detector:

g . I I I D S S S S e D D D B D D D e B e e e e .

tune the interaction models
- Designing similar near and far detectors to cancel as much detector
systematic uncertainty as possible
Affected by missing neutrons!

QMUL Neutrino Seminar




Necessity of event-by-event neutron detection

040 oy . S Neutrons carry substantial amounts of energy from the

5035F o RES mean
m E ~—@— DIS mean

onf . Neutrino [“wemm| neutrino interaction.

0.25 -, =
020F = ; :
015F* i The neutron information strongly depends on models.
T i .";". S gRtoc oe 2o OR SOt NOVA 2020 result'- Without P; Bins With P, Bins
p) 46 8 10 12 14 Vo =
E, [GeV] ﬁ = TR |  aaaa '
Detector Calibration : : R
| Neutron Uncertainty T E— T
|>0-40:'\"v"'l"'w BTN R N E— —
1§ 0.35 L e~ RES mean Neutrino Interaction Model -: _: _:
E o o biseea ossssisnonamonsn SO N U, SO T R, 1
0.30 ;— 90%upperlimlh_ Near-Far Differences -, - .
Wt ) Antineutrino DEBOCIONEIINAIES | . ecevcnee _ o 1 FR— e 1
0'20; E Lepton Reconstruction . _ '
0.15 & ‘~-\n_rn_u“ _: T (LI LTI TTTTT T T T T P Y L PP PP PP B R T e
Eor T e Beam Flux . - l
0.10 B + SRRy Y P PP PP PP D R LS E PP T P YT TP T PR B R PP PP P .
g Total Syst. Unc.  E— [ —  I— ]
0.05 F ! . I . I el 1 ] ) I . 1
0.00 E -0.02 0.00 0.02 -0.02  0.00 0.02 -0.2 0.0 0.2
Uncertainty in sin’0,, Uncertainty in AmZ, ( x10° eV?) Uncertainty in 8, / =
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in DUNE
Additional consideration: ~ Toy modelin
potential bias induced by missing neutrons

— GENIE 2.12.2 — NEUT — GENIE 3.0.6
0.6

S
20% of the proton kinetic energy §

assigned to neutrons y o4 e o
Absence of the proton/neutron kinetic ¥ 0-2_::::

energy systematic pulls

O IR [ S S SR SR R TR ST S T '
2

At near detector: flux, interaction and
near detector systematic pulls variable

At far detector: flux, interaction, far
detector systematic pulls and
oscillation parameters variable

QMUL Neutrino Seminar 9



Additional consideration:
potential bias induced by missing neutrons

The systematic
uncertainties are highly

B
1]
S
S
|

. % : :lnz:indj:rediclion %1500 B : :'Z;nda?':redbﬁon
ConStraIned by ND- S — Postfit prediction g — Postfit prediction
3000
8 FHC FD & RHC FD
In the absence of g g™
proton/neutron kinetic . =
energy systematic pulls, | :
other systematics are
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)

forced to change.
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Additional consideration:
potential bias induced by missing neutrons

2.54 :_ DUNE Sensitivity B 7 years (staged)
- All Systematics :: :::: E::::::
/ —~TmEEEEEEEEEEEE N \ 2.52 :—Normal Ordering nsenee Nominal Fit
I Atthe same time, the | B T Bty
. . | — L *  "True" Value
| oscillation parameters | 2% |
: | i /&
I are shifted to make FD |, < *%f .
: _— I = 24af A
I prediction and mock T . 
I : 3 2.42F True value
i data match. | :
\ , 2.4:—
T m s s s — - - 2.38F 0
2.36
| [N N | |

0.35 0.4 0.45 0.5 0.55 0.6 0.65
QMUL Neutrino Seminar Si"2923 11



How to detect neutron kinematics event-by-event?

Muon track can be
identified and momentum
and sign can be determined
with a magnetized tracker;
neutrino interaction vertex
also identified

Proton can be

identified and energy Neutrons can’t be detected directly.

can be measured with Only neutron-induced objects can

a low-threshold be seen -> In order to detect

detector neutrons, need to look at isolated
clusters

QMUL Neutrino Seminar 12



How to detect neutron kinematics event-by-event?

Fine granularity and
fast timing needed  _ _ _ _ - - & — — — = -

to identify the first |~ . \
isolated objects |lFu”y aCtlve-,

' Fast timing!
High light yield to ' Fine granularity!

1
!
!
!
!
!
]

Fully active volume Fast timing and enable the visible

to avoid neutron fine granularity low energy | ngh I,ght y’eldl
interaction in needed to neutron-induced \

passive material -> measure the deposit """
change ToF and time-of-flight and l

lever arm drift distance

Must be at the same time!

QMUL Neutrino Seminar 13



3D-projection scintillator tracker

3D array of 1 cm? optically isolated scintillator cubes

3D readout with 3 WLS fibers passing through each cube and connected to
MPPCs (multi-pixel photon counters)

—-— . . . I e e e e e e . .y

Fine granularity!
>50 PE/MeV each
readout High light yleld’

FuIIy active! \

. Single fiber 0.9 ns timing | :
resolution: Fast timing!
1-cm-scale size: :

|

I

AY
el

2018 JINST 13 P02006 NIM A936 (2019) 136-138
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https://iopscience.iop.org/article/10.1088/1748-0221/13/02/P02006

Neutron detection on an event-by-event basis

ND280 upgrade in T2K (being built)

QMUL Neutrino Seminar

Scintillator cube

WLS fibers

Not only tagging,
SuperFGD can
measure the
neutron kinematics!

15



Demonstration of the neutron detection capability

Using prototypes to prove it => two prototypes

' : Su erF D
with 1cm x 1cm x 1cm cube size AR Tt

Prototyps. (s fr=e=7
yoe Ve

- SuperFGD prototype (SFGD) been used for a
charged particle beam test at CERN (size 24

X 8 x 48)' JINST 15 (2020) P12003

N/
the/e are th/e
W\

US-Japan proto.
Assembled

In Stony Brook gkl

qx

4 "‘\

©Only Type 'MPPCS usedvior (USYR

pe V 3
T 37 cr(‘w'


http://dx.doi.org/10.1088/1748-0221/15/12/P12003

Neutron beam test facility
Los Alamos National Lab LANCSE facility provides neutron beam ranged up to 800 MeV.

Pulsed proton beam Neutron .
(1.8 us spacing) production Low High Collimator
target  Neutron energy n energy n

——- Detector

Beam pick off | Tungsten X I

Time-Of-Flight (L = 90 m)

A
v
N

[ve)
D
Q
3
3
S
)
S
)
2
i —
(2]
o
—
—y
3
g
1)
Q

> I I

S Lk Neutron flux at 90 m _
2 BN i
N T — ]
g ~ il
c

O

§ ]
= L : |
8 10_‘_ \ s-.l/,\:

10 10?

neutron energy (MeV)
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Onsite installation and operation team
SuperFGD only in 2019 SuperFGD+US-Japan in 2020

2020 beam test onsite team

Sitraka Andriaseta (SDSMT)

18






Neutron beam time structure

Proton beam time structure Every 6th macropulse Macropulses
delivered elsewhere (347 micropulses)
675 us SRS J | Gamma flash and t0
| available for
5 micropulses

Mo,
ructul_e
L qo00B g T I
Amplitude & 21
ramps up at u>J - .
start of B 800 __
macropulse | ‘ ‘ ‘ | ° '
o] 600 _
>» £ -
Micropulse very short (sub-ns) -> able to measure the Z  so0f-
neutron energy 2ooF
Spacing between micropulses -> 1.8 us T TR T T T TR T T

Event Time to TO (2.5ns)
QMUL Neutrino Seminar 20
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Neutron candidate in SFGD prototype i
>/
2
XY view XZ view %
§° T §uf Z
s % = 4 1600 @
27 s000 2 S o =
‘@ < ‘@ 40— =
=3 s o SR 1400 S
> 6 1 o N 35:_ =
4000 = = 1200
5 30—
= {1000
4 3000 25
E 800
20
3 " E
2000 =
65 MeV:neutron with 60 MeV 1sE-
> =
= 400
d i tained i
epositenergy (containe o
P} T AN AP AP IR IAFATN AT AT AT A AT A NI 0 ) =T AT P AT IR IR A AT BT TS AT A 0
0 2 a2 6 8 10 12 14 16 18 20 22 24 2 4 6 8 0 14 16 1 20 22 24
X position [cm] X position [cm]
ZY view XYZ view
vanie S oo
E: E 2
5 JE 1600 g
= - kel .a.
g E 1400 S =
Q = = L]
> 6— x >
E 1200 2
5 £
F 1000 =
af =
E 800 8
3 g
£ 600 ~
2 400
1= 200
% 5 10 5 20 25 30 35 a5 0

40
Z position [cm]
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Neutron candidate in SFGD prototype

XY view XZ view
= 8 = = 200 T
= £ =) E F =)
RN 1600 = 5. asf- =
= E @ = = &
2 7 g S F 8oo ¥
g 14005 g 4o0F S
> 6 B N asF 700 T
- 1200 =
= g 600
sE ‘ 30
= 25
- 800 soE 400
3k =
193 MeV neutron candidate 1sE-
400 102 200
- = -
with 1 25’ MeV depos:t energy g -
E =
. L . o PRy TP AP IR IR PP IPRPIP IPUPIFS IPPIT PPIPE IPSPEPE I I o
L P P T T I 1 o 2 4 6 8 10 12 14 16 18_ 20 22 24
(not con amed) i SR
ZY view XYZ view
— 8 —
&k -
§ -E 1600 &
c 14002 J
> 6 S =
- 1200 g
5:— - | =
41— .S.
o 800 =
E 8
=iy k=]
E 600 2
E ~N
2E 400
1= 200
o P s Toispe Ve Trvsss oo o soel pspreg Ul e o
o 5 10 15 20 25 30 35 _ 40__ 45

Z position [cm]
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First physics result

Neutron-CH total cross section from 98 MeV to 688 MeV

Aim for demonstrating that SuperFGD is able to detect neutron interactions as
expected.

Provide a useful measurement for energy above 500 MeV region, which is not
well-known in the nuclear community.

Region where neutron KE below 98 MeV does not form clear topologies.
Region where neutron KE above 688 MeV has insufficient statistics and
contains gammas.

Only the 2019 SuperFGD prototype data used for this total
cross-section measurement

QMUL Neutrino Seminar 23



A total cross-section measurement

data

Neutron interaction vertex
location **  The “extinction method”
- needs a relative measurement of
N event rate at each layer along the
o beam.

Y (cm)

Neutron 6
beam 5

200

100

IS
HH‘HH|\I\I‘I\I\‘HH‘HH‘HI\|\I\I

For illustration purposes

T I R S N IR RN | L v b

10 15 20 25 30 35 ‘
Z (cm)

50

o
e,

N (z) = No - exp(-T- Gtotal - z) =) Measurement of event rate at each layer indicates a total
cross section

Nuclear density total xsec depth along the beam, i.e. layer

QMUL Neutrino Seminar 24



A total cross-section measurement

data

Neutron € °F : : e e === == —

beam f 7§N eutt: on interaction vertex § [ Event rate ratio for any two layers with \I
-_location | certain topology (e.g. single-track) is |
1 B | I equal to the event rate ratio for any two |
E I Jayers with all topologies-> any i
£ N '\ topology can be used ]
= For illustration purposes § = =— == === == ===== === -
T e em) . .

r is the cross section
ﬂsingle-tracke) Ratio between “non-single-track”
N =¥ | Ninvisible,e.z _v | Nsingle-track, e,z and single-track, it only depends on

Niwo-track e 7 Nsingle-track, e,z x re energy, regardless of layer

Energy Layer

@100-track,e,z /
Ne,i/Nem = Nsingle-tracke,l / Nsingle-tracke,m mmp Single track attenuation indicates a total cross-section

Layer | Layer m Single track defined as a single temporal and spatial cluster

QMUL Neutrino Seminar with at least three voxels and good linearity -




Event reconstruction

I 1. Time range selection I D -; —————————————————
I 2. Gain calibration I : ; IP:ID Voxeé matching : I 1 Spatial clustering :
I 3. PE cut I it number I 2. Vertex: first voxel in z in fiducial volume
| 4. Time-walk correction I I 3. Attenuation corr. : -

|

| 5. Time clustering

Side view A4

. 21 V271 | V1 771 | &1
Front view Z 11 1 | | | I 4 |

A—TB M,
I
I

Top view /1

Separated cluster




Single-track event selection

Single cluster in time and space ‘ ‘ Linear track

= = ————— | :_1 Not in first layer I
I 1. Single time cluster I 2. Linearity > 0.70 :
' 2. Single spatial cluster with DBSCAN I 3. Cluster width < 1.4 and max-vox-line < 1.2 :
' 3. 3-8 number of voxels in single cluster : 4. Vertex in fiducial volume (1.5 cm radius
————————————————————— j around beam center) |

QMUL Neutrino Seminar 27



Systematic uncertainty

Event rate = Flux x cross section

Cross section ~ Event rate ratio at layers

Sources largely:

- Flux
- Detector uniformity
- Detection efficiency

QMUL Neutrino Seminar 28



Systematic uncertainty included

Detection systematic: Cube, MPPC and passive material non-uniformity

Invisible scattering: If the first interaction is elastic scattering or inelastic
scatterings below the threshold, we can’t see the primary vertex.

Geometric acceptance: Limited detector size
Light yield: Light yield variation for each channel
Time resolution: Events shifting across different energy bins

Collimator interaction: Events interacting with the collimator before entering the
detector

QMUL Neutrino Seminar 29



Major Systematics: Detection

- When compare the event rates of 0
degree and 180 degree configurations,
the difference is up to 10% across the z
layers.

- MPPC anisotropy: Relatively small as
the results without the top view are very
similar.

- Ruled out the hypothetical reasons of
calibration, beam tilting and
reconstruction.

- Cube misalignment: In simulation,
systematically shifting every 5 layers by

Guessing /®makes the events rate at z
putean = changes up to 10% -> this is the culprit
realistic ~ Of our best understanding.

QMUL Neutrino Seminar
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. . . Doy
Major Systematics: Detection *Minating ,

A certain topology along z results in a total cross section measurement, compare

- Single-track
- Everything above threshold
Single-track Everything above threshold (called “no-cut”)
Not enough energy deposit due to Not enough energy deposit due to
misalignment misalignment

beam

T X Vs - O, v
- T V| | T v/

)
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Major Systematics: Invisible scattering

Simulation

What we want to measure:
neutron-induced single track as the first
interaction => requiring no invisible
scattering before the visible one

o

WIIII\\\\‘\\\\‘\\\\‘IIII’\\\\‘\\\\

10

= 10°

L L1 III| | IIIIIIV' L

umber of scatterings

Preee No invisible mm | |l
[ ]] scattering = o g
g C 1beam ™~ 10
[ ]
MPPC N I i S B
Mpec i Distance in Z (cm)
- ATop view 1. Tune MC transverse spread to data
. by weighting invisible scattering.
A 2. Invisible scattering fraction can be
= extracted from the tuned MC -> It is
Transverse spread increase along taken as the systematic uncertainty.

beam caused by invisible scattering
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Cross-section fitting

. : , This can be any energy ranges.
Single-track event selection with known f

incident neutron energy from ToF

<Energy range 200 to 250 MeV >

Applying the relative detection
acceptance correction to all z layers for
each energy range

2500

T
_|_ ‘

Stat. error only

Event rate

2000

1500

.I_
RN N

Fitting an exponential function to the Z
layer distribution for each energy range.

1000

500

The event rate randomly varied based
on all uncertainties.

oll\\lll\l||\|||\\|]‘\l1

NIEEREEEERE N

o

Depth (cm

~—"
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Total cross-section measurement result

Main systematic arXiv: 2207.02685

-section (barn)

Total Cros

0.
l I Total Uncertainty _‘2\ B2l remm / Total Uncertainty Statistical Uncertainty
0.8 ey St Unceranty | 0+ 18| = pieskemieniy e ety
0 o it ainnantandinifainiaiang oo Reconstructed Simulation CTJ 0 16 . Gec:rpetry Acceptance Uncertainty i Collimator-induced Energy Uncer._
B ' ' ' 4 20.14F 3
4 D = =
0. 4 §0-12F, E
o, | §oaofg B
0. 'L --5--------.—? § 0-08 _:
3 1L0.06 —
0. = ]
3 0.04 _:
0. | , ; 3 0.02 —_—
0. N S S S SN PR~ 0.00 St ———— i _—mﬂm
200 300 400 . 5(_)0 500 "7 100 200 300 400 500

Neutron Kinetic Energy (MeV) Neutron Kinetic Energy [MeV]

x2/d.o.f. below 150 MeV: 15.2/11
x2/d.o.f. Below 200 MeV: 16.1/18
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Other ongoing effort

Detection systematic uncertainty reduction

Data taken in 2020 with additional configurations of the beam structure, collimator setting and
combination of the two prototypes

Exclusive n-CH cross-section measurements such as proton production and pion production

Neutron secondary scattering model tuning (e.g. inelastic and elastic fraction of the neutron
interaction)

Exclusive neutron detection efficiencies

Nuclear modeling probe

QMUL Neutrino Seminar 35



MOVE FORWARD:
Event-by-event neutron detection in the neutrino interaction

Neutron energy
resolution

Eventually we need to
move this effort to the
neutrino interaction.

—0.1

(e}
o

In SFGD and 3DST, the
travel distance of
neutrons will be less than
1 or 2 meters.

Travel distance (m)

We need to
come down to 300300 400 500600
this region Neutron kinetic energy (MeV)
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Neutron detection in the neutrino interaction

3D projection scintillator tracker Surrounding tracking system

Neutron candidates:
looking for the first
isolated object in time

/

Measure
distance -« This volume can be

magnetized to measure

and time ) e —— the track momentum
Measure energy
deposit of the track in
Provide TO this volume \
and X0
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Neutron detection in the neutrino interaction

Main controllable parameter: timing resolution

c ! ! ' I T ! LI ! L ! !
O o.35[Fm= & 1.00 ns
- L S f. DUNEcCCOm =~
So far, targeting at events with single neutrons S snf " S
o) i~ .
. . W o.25F o *® y e, . =
- External and internal backgrounds being X F ot STt
studied: arXiv:2211.17037 £ Bl T Welats -1
O 0.15[ " "-._...
< f “ea, ]
Individual neutron measurement to significantly op e LT .
enhance the utilization of transverse plane variables _ ® Neutron travel distance (cm)
F I s ..
d of effort ongoiNg: = e
Just Starte 1) 8 0.09 :gzzns .._. .::: .::. -
H N I _
(@2} = H ]
@ 5 .|:='!-":" ]
% 0.07 _.==:.-':.n" DUNE CCO1r |
- -::I'.-:n'“. E
.g 0.0 F- == Transverse E
5 E " momentum improves ]
2 oo _'E' the energy resolution

500
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Summary

More than 10’ neutron interactions with SuperFGD and US-Japan prototypes
have been taken in 2019 and 2020.

A total n-CH cross-section measurement has been completed and it
demonstrated that the 3D-projection scintillator tracker is capable of
detecting neutrons. arXiv: 2207.02685

Lessons learned are being propagated to the SuperFGD physics studies and
rich physics topics will be studied in the near future.

More importantly, the individual neutron kinematics detection attempts
to fill the hole in the puzzle of neutrino interaction-> utilizing transverse
variables more effectively.
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