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SAND geometry: ECAL & GRAIN
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GRAIN:  GRanular Argon for Interactions of Neutrinos
1 ton LAr cryostat in the upstream volume

instrumented with :
- SiPMs only
- or with SiPM matrix coupled to an optical focusing system
(R&D under development)
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• Lens based optical readout • Hadamard matrix based optical

• 76 cameras: 

- 8 cameras on each side, 25 cameras on 
each curved face, 5 cameras on 
top/bottom

• 32x32 sensor matrix with 3.2x3.2 mm2

SiPMs, max coverage 

GRAIN instrumented by optical readouts

Hadamard matrix• 38 cameras

• 32x32 sensor matrix
with 2x2 mm2 SiPM

EPJC 81, 1011 (2021)
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3 TYPES OF MODULES

• position resolution on single hit:  200 um in y , 10 um in z

• time resolution on single hit: 1 ns

• average density ~ 0.18 g/cm3

• radiation length x0∼ 2.6 m

• tracking sampling 0.15 (0.36)%x0 ⊥ (∥)

SAND geometry: straw tube tracker
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CH2 target + radiator moduleCarbon targettracker module XXYYXX

1

(1 + 9) x 8

284 modules
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Events in SAND
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• Interactions in the front part of ECAL à beam monitoring 

• Interactions on CH2 : 

- for low-nu analysis, 

- for 𝜈 + 𝑒 on-axis flux measurement < 2% ß ND-LAr+ TMS 

- Ratio 𝜈! / 𝜈" and *𝜈! /𝜈" vs E 

- Ratio 𝜈! / 𝜈" vs E from coherent 𝜋#/𝜋$

• Interactions on H (after statistical subtraction):

- for neutrino flux measurement

- for cross section measurement on H (model tuning)

• Interactions on Ar

- for inclusive/exclusive CC sample with a magnetic spectrometer ß ND-LAr+ TMS 

- for cross-section constraints / tuning nuclear model by a comparison with hydrogen
interactions

SAND goals & potentials
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• Interactions in the front part of ECAL à beam monitoring 

• Interactions on CH2 : 

- for low-nu analysis, 

- for 𝜈 + 𝑒 on-axis flux measurement < 2% ß ND-LAr+ TMS 

- Ratio 𝜈! / 𝜈" and *𝜈! /𝜈" vs E 

- Ratio 𝜈! / 𝜈" vs E from coherent 𝜋#/𝜋$

• Interactions on H (after statistical subtraction):

- for neutrino flux measurement

- for cross section measurement on H (model tuning)

• Interactions on Ar

- for inclusive/exclusive CC sample with a magnetic spectrometer ß ND-LAr+ TMS 

- for cross-section constraints / tuning nuclear model by a comparison with hydrogen
interactions

Thinking to the full LBL analysis
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systematics on some beam

parameters can be removed!

Constraints on 𝜈! , 𝜈"
, �̅�", �̅�!

absolute and relative flux can 

be imposed

Constraints on cross section

can be imposed

The additional on-axis sample 

must be included
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Constraints from beam monitoring
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From interactions on front-ECAL + 
STT + GRAIN, by studying the 
neutrino spectrum variations

DUNE DocDB:13262-v7

SAND is also sensitive to 0.13 mrad
changes in neutrino beam direction
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SAND software overview
Geometry: GDML

files

Generator: GENIE

Detector sim.: Edep-sim

Output: Edep-sim 
format ROOT file

ECAL + STT
Digitization/ Calibration

Full reconstruction 
from ECAL + trackerFast reconstruction from 

ECAL + STT

Geometry

Generator: (internal 
to FLUKA)

Detector sim.

FLUKA

Output: «FLUKA» 
format ROOT fileFLUKA-simu converter 

equivalent

“OFFICIAL”

LAr sim/reco

SAND-RECO

CAF file  format

CAF_Maker from ND-LAR

Final output 
true and reconstructed 

quantities

under development

to be integrated

The red path was used for the  
reconstruction of Argon 

interactions 
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- GRAIN:  
Reconstruction based on stereoscopic pixelated

images from lens-based optical detectors
- For each interaction we have information about:

• number of detected tracks

• vertex position

• total deposited energy

- For each visible track we have information about:
• containement information (in combination with STT and 

ECAL info)

• deposited energy

Reconstruction based on total number of photons
detected by SiPM:
- For each interaction we have information about:

• Total deposited energy

LAr event recontruction
some details
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First results in GRAIN

11

VERTEX RECO 

NUMBER OF TRACKS

DIRECTION RECO

CONTAINEMENT  INFO

Contained Not
contained

Not
contained

8% 92%

contained
59% 41%

Reco
True

Mean: -0.3°
Sigma: 2.2° Mean: -0.01°

Sigma: 2.6°

ZY ANGLE ZX ANGLE
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àFast reconstruction for STT and ECAL
- Charged particles:

• STT
- Gluckstern formula on true momentum at the entrance of STT

• based on track length, X0, single hit resolution, 

• If detected by only ECAL:
- deposited energy 

- Neutral particles:

• search for decay products for 𝜋!, 𝛾
• search for isolated hits (neutrons) in STT and ECAL

LAr event recontruction
some details
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Neutral Particles Reconstruction
• 𝜋! → 2𝛾 or 𝜋! → 𝛾 + 𝑒"𝑒#

- Reconstruct each daughter particle’s momentum separately then summing up.

• 𝛾: 𝑒"𝑒# pair in STT or e.m. shower in ECAL.  
- Convert in STT: Reconstruct 𝑒#𝑒$ track  in STT 

- Convert in ECAL: find calibrated energy deposition of the e.m. shower
• Smear earliest hit position by its resolution, connecting with vertex gives momentum 

direction

• NEUTRONS: hits/cells detached from primary vertex. 
- Interaction in STT: connecting first hit (smeared) to vertex (or first hit for single 

track) gives direction, reconstructing the daughter tracks gives momentum.

- Interaction in ECAL: detached cells are used to define neutral clusters, 
calibrated energy deposition in the cluster is summed up, connecting earliest cell 
to the vertex (or first hit for single track) gives momentum direction.

- Neutron energy: time-of-flight from smeared timing at primary vertex (or first hit) 
and earliest hit of detected neutron candidate and reconstructed direction. 
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Reconstruction efficiency:

• wrong charge identification: muons 0.8%, electrons 1.2%  (from circular fit)

SAND LAr interaction 𝝂𝝁𝑪𝑪 sample

Muon acceptance FHC

in STT

Primary
particles

% of 
particles

detected in 
GRAIN

% of particles
reconstructed

in GRAIN

% of 
particles
tracked
in STT

% of 
particles
entering

ECAL

Muons 95% 78% 91.3% 90%

Protons 72% 28% 17% 6%

Charged
pions

80% 62% 46% 22%
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Very conservative 
number (due to current

reconstruction
inefficiency)

Based on visible tracks 
(more than 10 pixel in 

at least 1 image)



SAND LAr interaction 𝝂𝝁𝑪𝑪 sample
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• Neutrino energy evaluation

• Topology information

• Migration matrix between the 
channels

Events with all primary charged
particles seen by STT

Events with all primary charged
particles seen by STT+GRAIN
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preliminary



How to perform a LBL analysis
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• by using flux and cross section at the best of our knowledge 

• Rphys, Rdet needs Argon target       

• Rdet is the «detector smearing» due to detector efficiency, acceptance, calibration, 
and depends on different topologies à constrained by data and by MC 

simulations

• Defining the systematic effects that are involved:                                                     
effects that are not taken into account in the simulations:  
- the cross-section model, the nuclear effects used in the simu are not the real one, the energy calibration is not precise, 

the simulated magnetic field is not at the true value

at NEAR about 1

DUNE Low-exposure
LBL oscillation

sensitivity paper: arXiv: 
2109.01304 
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Using existing tools (CAFAna)
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• for systematics studies 

• for predicting data at FD 

• for fitting data and perform

sensitivity studies

We have a simulation & reconstruction tools which can provide us:

PDF(xi,𝜽)        with 𝜃: set of parameters under study

PDF of Near and Far Detector 

We can generate PDF(xi,𝜽) for Near and Far Detector data with variated
parameter PDF(xi,𝜽𝒗𝒂𝒓) 
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Which systematics?
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• SAND detector:

- Momentum scale uncertainty very low (∆p < 0.2%)                                         
constrained by calibration data                                                                                
from 𝑲𝒔

𝟎 → 𝝅$𝝅# in STT volume (340k in FHC in 5 years)

- Migration matrix between different channels

- Detector parameters under study: 
• energy resolution in GRAIN

- since it can be optimized since we are designing the optical readout

• Flux systematics

• Cross-section systematics

Very important:

• In the future they must be constrained by data 
from ND complex! (we have to think about it…)

• At this stage they can be set at conservative 
values and studied by variating a bunch of 

parameters (not too much…)

à this is not a 
systematic for SAND

à this must be taken into
account 

à this would be interesting
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Next steps
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• From SAND consortium:
- Provide a well reconstructed sample of 𝝂𝝁𝑪𝑪 events from neutrino 

interaction in GRAIN 
• an inclusive sample

• some exclusive channel samples 

- Provide a migration matrix between the different channels

• Together with LBL group:
- Better understand the existing tools for LBL fit and systematics

evaluation

- Perform LBL studies by considering the whole data set from ND 
complex
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Exploiting existing tools
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CAFAna fit:
Given a numu_cc spectrum à prediction to oscillated spectrum for comparing with FD data
or Prediction of different numuCC , NC, nue if ND full sample

CAFAna implementation of systematics:

How they produce shifted MC?

Fanno una prediction con gli shifted spectra

??

ok

Alterano le quantità ricostruite e poi
Fanno un re-weighting (?)



True info
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Primary particles % of particles
contained

% of particles
not contained

% of particles
tracked in STT

% of particles
entering ECAL

Muons 1.3% 98.7% 91.3% 90%

Protons 86.2% 13.8% 17% 6%

Charged pions 54.6% 45.4% 46% 22%

Primary particles % of particles
contained

% of particles
not contained

% of particles
tracked in STT

% of particles
entering ECAL

Muons 1% 76.6% 91.3% 90%

Protons 18.38% 8.9% 17% 6%

Charged pions 32.4% 29.3% 46% 22%

Well reco events
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Particle identification:

• p/π/K  with dE/dx, range, 
time-of-flight with ECAL, 
and ECAL energy 
depositions

• Electron with Transition
Radiation and dE/dx in 
STT + ECAL energy and 
topology
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Cross section study on 𝝂 −H
• If the flux is known:

by plotting the distribution of Q2 variable,  the cross-section model for interactions on 
hydrogen might be inferred

• similar plots also for 
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DUNE DocDB:13262-v7  - Physics Letters B 795 (2019) 424–431

Other channels can be studied!



Interactions in GRAIN
using only STT+ECAL information 

A proper fiducial volume cut on vertex in GRAIN 
can increase the relative acceptance, in particular

for p+/p- (useful for some analyses) 

March 29th 2022 Lea Di Noto - Physics potentials with SAND25

Primary
particles

% of particles
tracked in 

STT

% of particles
entering

ECAL

Muons 91.3% 90%

Protons 17% 6%

Charged
pions

46% 22%

Muons with more than 6 hits in the 
bending plane

Muon acceptance FHC

𝝁! from  
𝝂𝝁CC in 

FHC

𝝁# from 
#𝝂𝝁CC in 

FHC

𝝁! from 
𝝂𝝁CC in 

RHC

𝝁# from 
#𝝂𝝁CC

in RHC

acceptance 91.3 99.0 98.74 95.6

FHC events



Muon acceptance for interaction on Ar
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Kinetic energy (GeV)



True info

27 March 29th 2022 Lea Di Noto - Physics potentials with SAND

Primary particles % of particles
contained

% of particles
not contained

% of particles
tracked in STT

% of particles
entering ECAL

Muons 1.3% 98.7% 91.3% 90%

Protons 86.2% 13.8% 17% 6%

Charged pions 54.6% 45.4% 46% 22%

Primary particles % of particles
contained

% of particles
not contained

% of particles
tracked in STT

% of particles
entering ECAL

Muons 1% 76.6% 91.3% 90%

Protons 18.38% 8.9% 17% 6%

Charged pions 32.4% 29.3% 46% 22%

Well reco events

Primary particles % of particles
contained

% of particles
not contained

% of particles
tracked in STT

% of particles
entering ECAL

Muons tutti tutti 91.3% 90%

Protons Solo quelli 
lunghi

Solo quelli 
lunghi

17% 6%

Charged pions Solo quelli 
lunghi

Solo quelli 
lunghi

46% 22%

Visible tracks
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Interactions in GRAIN
using only STT+ECAL info 

Slice % photons from 
𝝅𝟎primary

converting in GRAIN

% 𝝅𝟎primary with at
least one photon

converting in GRAIN

% 𝝅𝟎primary with 
both photons

converting in GRAIN

0 78.3 93.5 63.0

1 72.8 91.0 54.7

2 61.2 82.6 39.7

3 44.0 65.6 22.2

Average 64.7 84.0 45.5

FHC events



Future studies for LBL analysis
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orig NEAR syst.

After PMNS fit

at NEAR, 4 years

DUNE Low-
exposure LBL 

oscillation
sensitivity paper: 
arXiv: 2109.01304 
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Future studies for LBL analysis
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at FAR, 4 yearsne

nµ

anti-ne anti-nµ

NEAR not inc.

After NEAR fit

DUNE Low-exposure LBL 
oscillation sensitivity

paper: arXiv: 
2109.01304 
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SAND will surely contribute for:
- reducing systematics due to beam changes,
- providing a sample with reduced wrong sign background



Using existing tools
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Basic method Brute force analysis: spanning over the space of parameters

We have a simulation & reconstruction tools which can provide us:
PDF(xi, theta)        with theta: set of parameters under study (neutrino oscillation, 

systematic parameters)
PDF of near and Far Detector 

We can generate PDF(x_i, theta_var) with variated parameter (one by one) 

From PDF à distributions to be fitted for CP value or mass hierarchy

and check the sensitivity we have for the changes of those parameters
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Conclusions
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• SAND is able to monitor the beam parameters changes on a weekly
basis

• SAND within the ND complex will be very important for:
- a better measurement of flux (absolute flux)
- cross-section constraints
- nuclear model studies

• Simulations with instrumented GRAIN are in progress

• In the next months, LBL studies will be performed with SAND 
sample and constraints included
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Interactions on H
•

- cross-section known ≪ 1% à absolute antineutrino flux if
the efficiency is known

- low-nu analysis à relative flux as a function of E
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•
relative flux as a function of E

by low-nu analysis


