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The Short Baseline Near Detector (SBND)

SBND is the near detector in the Short Baseline Neutrino (SBN) program at Fermilab

Three Liquid Argon Time Projection Chamber (LArTPC) detectors

located along the Booster Neutrino Beamline (BNB) at Fermilab

Goals of the SBN program:
Search for eV mass-scale sterile neutrinos oscillations

Study of neutrino-argon interactions at the GeV energy scale

Search for new/rare physics processes in the neutrino sector and beyond

Target SBND MicroBooNE ICARUS

Argon mass: 112 ton Argon mass: 86.6 ton Argon mass: 476 ton

(Not to scale)
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The Short Baseline Near Detector (SBND)

Brief introduction of how the neutrino beam is made

|

> Argon mass: 112 ton
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Neutrino Beamline

MicroBooNE

SBND
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Neutrino Beamline
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Neutrino Beamline

Proton Beam K+
(8 GeV)

Beryllium Target
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Neutrino Beamline

Magnetic Horn

Proton Beam
(8 GeV)

Beryllium Target
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Neutrino Beamline

Neutrino Beam!
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Neutrino Flux at SBND
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Neutrino Flux at SBND

SBND Neutrino Flux at TPC Front Face
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The v, come predominantly from two-body decays while the Ve

come from three-body decays: the flux of ve has a larger angular

spread than that of v, (at the same parent energy):

the Ve to v, flux ratio changes as we move off-axis.
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The Off-Axis Angle (OAA)

Neutrino Energy vs Pion Energy,

We can select lower neutrino energies, and a for different decay angles

more mono-chromatic beam, by going oft-

B OAA €[0.0°,0.2°)
. 51 mmm OAA €[0.2°,0.4°)
aXIsS. mmm OAA €[0.4°0.6°)
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Oft-Axis Angle Experiments

NOvA Simulation
S —

FLUKA11 On-Axis
7 mrad Off-Axis

15

Some neutrino detectors are intentionally

14.6 mrad Off-Axis (NOvA)

21 mrad Off-Axis

placed off-axis, to select a narrower neutrino

10

energy spectrum, ex NOVA and T2K
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v-mode

nuPRISM and DUNE-PRISM

idea is to physically move the

v-mode

v-mode 33m Off-axis

detector to select different off-

u

®(v ) at 574m/GeV/cm?/POT
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2.0 2.5 3.0 3.5 4.0 4.5 5.0
Energy v, (GeV)

[DUNE Collaboration], arXiv:2103.13910 [physics.ins-det]
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https://arxiv.org/abs/2103.13910

The Short Baseline Near Detector (SBND)

The SBND detector and SBND-PRISM

Argon mass: 112 ton
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A Slightly Oft-Axis Detector

The SBND detector

Two top CRT panels:

Telescope

CRT

SBND will be surrounded by

scintillator strips to tag

cosmic rays

CRT panels made of 10 cm
, / wide scintillator strips
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A Slightly Oft-Axis Detector

The SBND detector

* Made of two liquid argon time
projection chambers.

* 112 ton of liquid argon.

* Dimensions: 4m x 4m x om.

* 110 m from the target position.

» SBND is currently being installed.
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A Slightly Oft-Axis Detector

The SBND detector he detector is ~74 cm

off the beamline
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A Slightly Oft-Axis Detector

SBN

D sees neutrinos from several off-axis angles (OAAs) View from the top

(Oft-axis angle is calculated w.r.t. target position) x SBND Detector

DUNE: 1° = 10 m
SBND: 1° = 2 m
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A Slightly Oft-Axis Detector

SBND sees neutrinos from several off-axis angles

divided in several |
OAA €1[0.8°, 1.0

OAA €1[1.0° 1.2

off-axis slices: ~100

(Off-axis angle is calculated w.r.t. target position) 200-
150-
OAA € [0.0°, 0.2°) 100
OAA € [0.2°, 0.4°) e S0F
OAA € [0.4°, 0.6°) s o
The detector can be S
OAA € [0.6°, 0.8°) g .
)
)

—150+

—200- v ' ' -
OAA € [1.4°, 1.6°) 200 150 100 50 O —50 —100 —150 —200

Neutrino X [cm]
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SBND-PRISM

P R I S M

The v, energy distribution is affected by the off-axis position

Neutrino events are

Mean neutrino energy Muon neutrino flux in each divided based on the
of the OAA regions off-axis angle (OAA)
_ Area Normalized . .
fo? region they fall in:
mmm OAA €[0.0°0.2°) —— OAA €1[0.0°,0.2°)
51 mmm OAA €10.2°,0.4°) > 8 - — OAA 6[0.20,0.40)
mmm OAA €[0.4°,0.6°) —~ — OAA €[0.4%,0.6°) OAA € [0.0°, 0.2°)
B OAA €[0.6°,0.8°) o — OAA 6[0.60,0.80) - !
mm OAA 6[0.80,1.00) LN — OAA E 0.80,1.0 -
4{ mmm OAA €[1.0°,1.2°) ~  OAA E{l 0° 1 20; OAA € _0.20, 0.40)
pmm OAA €11.2°,1.4°) NE 6 - . o, . )
o —— OAA €[1.2°,1.4°) - o o
— OAA 6[14 ' I: — OAA 6[1.40,1.60) OAA E _0.4 / Ooé )
O i
=3 g , OAA € [0.6°, 0.8°)
3 >, Far Off-Axis |
= iy - , OAA € [0.8°, 1.0°)
- > J__ n_ XIS ) o . o
= S'E' L OAA € [1.0°, 1.2°
@) ™
E 2' fagts [/ /1
= = OAA € [1.2°, 1.4°)
: :
= 4 OAA € [1.4°, 1.6°)
3 ;
0- 0
' 0.0 0.5 1.0 1.5 2.0 2.5 3.0
0 2 4 6 8 10 12 .
E, [GeV] Neutrino Energy [GeV]

(*) nuPRISM https://arxiv.org/abs/1412.3086
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https://arxiv.org/abs/1412.3086

SBND-PRISM

P R I S M

The v, energy distribution is affected by the off-axis position

Neutrino events are

Mean neutrino energy Muon neutrino flux in each divided based on the
o of the OAA regions off-axis angle (OAA)
Off-Axis Distance [cm] .
0 50 100 150 200 250 300 le-7 Area Normalized
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)
)
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N
|
|
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v, Neutrino Flux / 10° POT / m? / 50 MeV
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(*) nuPRISM https://arxiv.org/abs/1412.3086
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https://arxiv.org/abs/1412.3086

SBND-PRISM - v, / v Difterences

Muon neutrino energy spectrum changes with the off-axis angle,

while the electron neutrino one stays almost the same

Muon-neutrino CC Events Electron-neutrino CC Events
higher off-axis angle - lower mean energy higher off-axis angle - ~same mean energy
Area Normalized Area Normalized
. OAA Range, # Events 0.005- i OAA Range, # Events
0.4- Oft-axis | ___ [0.0°,0.2°), 154440 = —— [0.0°,0.2°), 1019
—— [0.2°,0.4°), 452330 =8= —— [0.2°,0.4°), 3127
= = 0.004- —
O —— [0.4°,0.6°), 723698 o ™ = —— [0.4°,0.6°), 5033
O 3. X — [0.6°,0.8°), 885002 o —— [0.6°,0.8°), 6318
N . N
o B —— [0.8°,1.0°), 869121 2 0003 = | —— [0.8°,1.0°), 6568
O H —— [1.0°,1.2°), 711423 S = —— [1.0°,1.2°), 5509
~ L [ [1.2°,1.4°), 407277 ~ = [1.2°,1.4°), 3370
2 0.2 - : —— [1.4°,1.6°), 231898 2 P = [1.4°,1.6°), 2033
S - Fe_ re = & 0.002 - R L L
u>_| = 1_|_ ] |.|>J B
3 S | B
) 0.1 v 0.001 -
2 L 2
0.0 . o.ooo-—F
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0 1 2 3 4 5
Neutrino Energy [GeV] Neutrino Energy [GeV]

High event statistics in all off-axis regions
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SBND-PRISM - v, / v Difterences

Moving away from the beam-line axis, the number of v, and v, interactions varies differently.

While the number of v, events stays almost constant, the number of v, events decreases.

i Electron-neutrinos CC Events
Muon-neutrinos CC Events

distribution is almost constant

peak coincident with the on-axis position (angular distribution of v is wider due to three-body decay)

vy CC Events Ve CC Events

OAA =1.6° OAA =1.6°

300- 300

2001

200

100- 100

Neutrino Vertex Y [cm]
o

Neutrino Vertex Y [cm]
o

—200- —200-

~300- —300-

300 200 100 0 ~100 —-200 —~300 300 200 100 0 —~100 —200 —-300
Neutrino Vertex X [cm] Neutrino Vertex X [cm]
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Cosmic Ray Tagger Data

Part of the SBND cosmic ray tagger system was temporary installea
in the detector hall.

Below is a real data plot of muons from neutrinos interacting in the
material upstream of the SBND detector hall (cosmic backgrouna
subtracted).

Data taken with the CRT shows the number of beam-induced muons

decreases moving away from the beam center.

CRT Data 2017 - 2018 SBND Preliminar 150
b 100 ¥
L
' 75 Q
.v: IE
50 5
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SBND-PRISM - Applications

Exploring Physics Potential of the SBND-PRISM

(Some ongoing studies, feedback/ideas welcome)

* Interaction Model Constraint

e Sterile Neutrino Oscillations

e SBND-Only Sterile Neutrino Oscillations
e Dark Matter Searches

Fermilab 2021 Summer Student School
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Interaction Model Constraints
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Interaction Model Constraint

Neutrino-Nucleus Interactions Physics

Muon neutrino flux in each

Energy dependence of the OAA regions

le—7 Area Normalized

« By measuring neutrino interactions at different OAA, we can directly infer the

OAA €10.0°,0.2°)
OAA €10.2°,0.4°)
OAA €[0.4°,0.6°)
OAA €10.6°,0.8°)
OAA €1[0.8°,1.0°)
OAA €[1.0°,1.2°)
OAA €[1.2°,1.4°)
OAA €[1.4°,1.6°)

(00)

energy dependence of the cross section (and various nuclear effects) spanning

over nearly 200 MeV energy difference.

(o)}

 Study the relationship between neutrino energy, and lepton (and hadron)

Kinematics, done by measuring differential cross-section in lepton (and hadron)

v, Neutrino Flux / 10° POT / m? / 50 MeV

kinematics at different OAA. .. Far Off-Axis
On-Axis
Disentangling nuclear physics at the “higher-energy” tail .
* The “higher energy” tail of the v, tlux shrinks as a function of the OAA. This
would potentially allow us to disentangle nuclear effects that start to dominate N
at ~1 GeV energy, e.g. non-QE contributions (2p-2h contribution, etc.). 0’0 oS o " N ~ 20

Neutrino Energy [GeV]

Need realistic neutrino interaction model to study subtle effects across the ~200 MeV difference (before we have data).

= Fermilab 2021 Summer Student School
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Interaction Model Constraint

Neutrino-Nucleus Interactions Physics

Off-Axis Distance [cm]

Ve 0 V. cross sections 0 50 100 150 200 ~ 250 300
H € 0.0095{— | | | | | |
* going off-axis, the increase in v, to v, tlux ratio combined with a -
k=
choice of kinematics where v, to v, differences are prominent c 0-00307
wn
should allow us to measure the v,/v, cross section (can study 45
> 0.0085-
lepton mass effects). -
* This would allow us to study lepton mass effects, and test Lepton e 0 0080
3 V. I
. . (I
Flavor Universality. n
. . L. . . . ~
* Note that we expect high event statistics in all off- axis regions. 2 0.0075-
"o
=
+
~ 0.0070- Se—————

00 02 04 06 08 1.0 12 14 1.6
Off-Axis Angle [deg]
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Interaction Model Constraint

Make linear combination of all the neutrino event distributions at different

OAA angles, to reproduce a given target distribution.

—— OAA €0.0°,0.1°) Strateqy:
25000° —— OAA €[0.1°,0.2°) JY
— OAA €[0.2°,0.3°) /1 " o I
i o om gm0 » Detector divided into 0.1° OAA slices
| —— OAA €[0.4°,0.5°) . . .
20000 ;  omAcloer 0en * Energy spectrum is evaluated in each slice.
: 1 OAA €[0.6°,0.7°) . , Co :
i | —— OAA €107°,08°) * The spectra are linearly combined to reproduce a target distribution.

,, 15000 - OAA €[0.8°,0.9°)
= —— OAA €[0.9°,1.0°) . . . . . . . .
G }“ - — OMA €[1.0°1.1% * Here the target distribution is a Gaussian with a desired mean and sigma.
LU : _l:l_ —— OAA €[1.1°,1.2°)

10000 - § —— OAA €[1.2°,1.3°)

N = —— OAA €[1.3°,1.4°) N
= _ —— OAA €[1.4°,1.5°) OAA
L —— OAA €]1.5°,1.6°) — .
5000 1 - - HTarget(Ey) — E C; hl(Ey)
= i=0
0 / l \
0.0 0.5 1.0 1.5 2.0 2.5 3.0 o
Neutrino Energy [GeV] Coefficients Event
Target L
T to be found distribution in
Distribution

OAA slice i

Original idea from NuPRISM https://arxiv.org/abs/1412.3086:
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https://arxiv.org/abs/1412.3086

SBND-PRISM - Interaction Model Constraint

] —— OAA €[0.0°,0.1°) 51 —e— Fitted coefficients ]
25000 —— OAA €[0.1°,0.2°) 80000
—— OAA €[0.2°,0.3°) 4
—— OAA €[0.3°0.4°)
20000_ —— OAA E[O.4°,0.5°) 60000'
—— OAA €[0.5°0.6°) 3
OAA €[0.6°,0.7°)
—— OAA €[0.7°,0.8°) . , 40000
4, 15000 OAA €[0.8°,0.9°) = .
£ —— OAA €[0.9°,1.0°) X G _ 3
0 —— OAA €[1.0°1.1°) =R — :
L —— OAA €[1.1°,1.2°) 3 2 20000
10000 —— OAA €[1.2°,1.3%) O L
—— OAA €[1.3°,1.4°) 0-
—— OAA €[1.4°,1.5°) 04
—— OAA €[1.5°,
5000 - _1d
—20000 1
_2-
O_
0.0 0.5 1.0 1.5 2.0 2.5 3.0 00 02 04 06 08 1.0 12 1.4 16 —40000 - | | | | |
Neutrino Energy [GeV] Off-Axis Angle Slice [deg] 0.0 0.5 1.0 _ 1.5 2.0 2.5 3.0
Neutrino Energy [GeV]
40000 - —— Linear Combination
—— Gaussianu =0.70=0.2
30000 Summing up all
<E > = 0.7 GeV " these contributions
. o U [ ] -E
. > 20000 - I
Target: gaussian with > gives our mono
o=0.2GeV 5
energetlc spectrum
10000
0. L,.__.M
0.0 0.5 1.0 1.5 2.0 2.5 3.0

True Neutrino Energy [GeV]
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SBND-PRISM - Interaction Model Constraint

True Energy

40000 1

30000 -

20000 1

Arb. Units

10000 1

—— Linear Combination
—— Gaussianu=0.70=0.2

1.0 1.5 2.0 2.5
True Neutrino Energy [GeV]

Reconstructed Energy*

(E,) = 0.7 GeV
o=0.2GeV

40000 1

30000 1

20000 1

Arb. Units

10000 1

—— Linear Combination
—— Gaussianu=090=0.2

0.0

0.5

1.0 1.5 2.0 2.5
True Neutrino Energy [GeV]

3.0

40000 1 —— Linear Combination
——— Linear Combination QE
35000 - —— Linear Combination Non-QE
Gaussianu =0.70=0.2
30000 -
25000 -
b
c
D 20000 -
o
| -
< 15000
10000 1
5000
O-‘f i
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Reconstructed Neutrino Energy [GeV]
40000 1 —— Linear Combination
——— Linear Combination QE
35000 - —— Linear Combination Non-QE
Gaussianu =090 =0.2
30000 -
25000 A
b
c
- 20000 -
o
| -
< 15000
10000 1
5000

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Reconstructed Neutrino Energy [GeV]

31

<Ey> = 0.9 GeV
o=0.2GeV

* only a proof of principle: reconstructed energy is

estimated from truth under the QE hypothesis
Fermilab 2021 Summer Student School
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Sterile Neutrino Searches
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Sterile Neutrino Oscillations

Main goal of the SBN program is to search for eV mass-scale sterile neutrinos oscillations

SBND MicroBooNE |ICARUS

BNB
I B E EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEETSRm EEEEEEEEEEEEEEEEEETN EEEEEEEEEEEEEEEEEENERN ll>
Beamline - - _

Near detector Far detector
Measure un-oscillated Measure oscillated
neutrino interactions neutrino interactions

By comparing the number of interaction between the neat and far

detector, we can see neutrino oscillations

33 Fermilab 2021 Summer Student School
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Sterile Neutrino Oscillations

Sterile neutrino:
Main goal of the SBN program is to search for eV mass-scale sterile neutrinos oscillations

SBND MicroBooNE |ICARUS

BNB
I B E EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEETSRm EEEEEEEEEEEEEEEEEETN EEEEEEEEEEEEEEEEEENERN ll>
Beamline - - _

Near detector Far detector
Measure un-oscillated Measure oscillated
neutrino interactions neutrino interactions

We need to measure the interactions at the next detector (before
oscillations happen) to constrain the neutrino flux.

The neutrino flux is hard to predict exactly!

34 Fermilab 2021 Summer Student School
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Sterile Neutrino Oscillations

he PRISM feature of SBND can potentially improve the SBN sensitivities to sterile neutrino oscillations.
Two possibilities to use the PRISM feature:

1. Instead of treating SBND as a single detector, we can
treat it as multiple detectors at different oft-axis

positions and include those in the SBN oscillation fit.

Since the the energy spectra are different the neutrino

interaction model will be over constrained.

o - Fermilab 2021 Summer Student School
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Sterile Neutrino Oscillations

he PRISM feature of SBND can potentially improve the SBN sensitivities to sterile neutrino oscillations.

Two possibilities to use the PRISM feature:

1. Instead of treating SBND as a single detector, we can 200 Far Detector (FD) flux | .
treat it as multiple detectors at different off-axis | = 1 Near Detector (ND) flux
0.1757 ND fluxes linearly
positions and include those in the SBN oscillation fit. 3 —— combined to match <
= 0.1501 the FD flux 6 =
Since the the energy spectra are different the neutrino 3 . D
interaction model will be over constrained. £ E
— 0.100 4
Q g
o 0.075 - >
2. Can linearly combine the measurements the different - .
= 0.050- 1292
off-axis positions to reproduce a given choice of = <
E— 0.025
incident neutrino flux. Can match the ICARUS (far
0.000 1 -0
detector) oscillated spectrum in SBND (near detector.) 0 o " " ~ = >

True Neutrino Energy [GeV]
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SBND-Only Sterile Neutrino Searches
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SBND-Only Sterile Neutrino Oscillations

Can we use SBND-PRISM for SBND-only sterile neutrino searches?

» Usually, two detectors (near and far) are needed to look for neutrino oscillations as

they provide a way to constrain the neutrino flux.

 Treating SBND as multiple sub-detectors at different OAAs can help in

constraining the flux, and it may be possible to do an oscillation analysis using
SBND alone.

» SBND-PRISM potentially allows probing higher values of Am2 for sterile neutrino

oscillation searches.
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SBND-Only Oscillations - Apperance Mode

Can SBND beat all current limits on appearance? Am2 = 10 eV2 sin220 ,.= 0.001

Ve Background

- === V. Oscillated
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|-
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https://arxiv.org/abs/1903.04608
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(1) S. Gariazzo et al., arXiv:1703.00860 [hep-ph]
(2) M. Dentler et al., arXiv:1803.10661 [hep-ph]
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Without considering any other background source
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SBND-Only Oscillations - Apperance Mode

Testing sensitivity with:
 Am2 =10 eV?, sin2208,,. = 0.001

* Ve appearance mode

5 Ve Background - === V. Oscillated
L e | * very conservative systematics: free norm. + 30% bin-
: = N e L hLI.ML—.,_ 1 .
200 82’;6{52 ;j; B ' . -: by-bin sys. on bkg
e ” ! ry
o 150
-
0 | 0s., bins 2 2
® 100} 2 _p 3 Nj+alp” (a—-1Y\ 13 w/PRISM
501 Syst = Ny op: Ni ocorr 2  w/o PRISM
n:
0.25 A X2 of 13 is promising! It may be possible for SBND to
0.20 | P 9 y oe p
i . . .
» 0.15] probe this parameter space of neutrino oscillations!
o 0.10
0.05 |
0.00 | Note that the result is not as good if we don’t use PRISM

0.0

(i.e. it we consider the detector as a whole)
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SBND-Only Sterile Neutrino Oscillations

' 2
Free norm + 30% bin-by- pos,, bins (V;; + aTij)z | (a — 1 ) 13w/ PRISM

U

2 _ Z
bin systematics on bkg Zsyst N;; + gﬁ). N.JZ. |
1N

l

2  w/o PRISM

O
i.j corr

* Mismatch between v, flux and ve contamination on different off-axis

positions may be an opportunity to do physics.
* Statistics is large, which means systematics dominate

* Flux systematics, particularly correlations, are crucial to get realistic
result, and needed before tinal conclusions can be made, but

results look promising with current (conservative) systematic guess.
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Dark Matter Searches
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SBND-PRISM - Dark Matter Searches

It dark matter is light (MeV-GeV) and can be produced in meson

decays, we can search for it in SBND via electron scattering.

Dark photons with masses below ~ 1 GeV can

be produced my by neutral meson decays

Magnetic Horn Neutral mesons

_—

Beryllium Target

and unfocused

Proton Beam
(8 GeV)

Fermilab 2021 Summer Student School

# Fermilab 31d August 2021



SBND-PRISM - Dark Matter Searches

Can search for dark matter in SBND via electron scattering

Example of a neutrino-electron
elastic scattering event
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SBND-PRISM - Dark Matter Searches

Can search for dark matter in SBND via electron scattering

v (p3)
M ----------
X (p1)
X (p2)
Off-Axis Distance [cm]
Q 5‘0 190 1?0 2(?0 2?0 390
I —
8 0.0022 -
<
>
gonozo-  Signal: elastic scattering electron events. Dark matter comes from
w
P three-body decays of neutral (unfocused) mesons.
5 0.0018- . . . .
& * Background: neutrino-electron elastic scattering. Neutrinos come
go,oom. from two-body decays of charged (focused) mesons.
v Background events decrease : : :
! » Neutrino flux drops off more sharply as a function of radius!
00014, With the off-axis angle
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SBND-PRISM - Dark Matter Searches

Can search for dark matter in SBND via electron scattering

v (p3)

M =--nmnnn--
X (p1)
X (p2)
Off-Axis Dist -

0 50 oy s Distance Loml 5o 300 106 Neutrino Mode

| ‘ ' | | | | My =90 MeV = 3My, ape* =107"

I
© 0.0022-
q") —
< S 105 DUNE
v o 10
> >
$0.0020- =
i ISE
9 Z 100 aaae
S 0.0018 Q
g o T
(W) ~
= =AY [ i
é 0.0016 - ZG) e :
v Background events decrease Solid: Background (10% Syst.) V. De Romeri, K. J. Kelly, P.
I> o . Dashed: Background + Signal A. N. Machado,

00014, With the off-axis angle 102 arXiv:1903.10505 [hep-phl
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SBND - Current Status

SBND is currently being assembled and it will start taking data soon!
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Conclusions
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