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The Deep Underground Neutrino Experiment (DUNE)

NEAR DETECTOR
FAR DETECTOR

FERMILABSANFORD UNDERGROUND 
RESEARCH FACILITY

Near Detector: 

• Configuration: ND-LAr, TMS(
ND-GAr), SAND. 

→

Astrophysics via MeV-scale s at FD:  
- supernova pointing and neutrino property measurement via SNB 
detection,  
- solar neutrino measurements of hep flux,  channel and .  
 
Beyond Standard Model (Light Dark Matter, proton decay, sterile 
neutrinos…). 

νe

8B Δm2
21

Long baseline neutrino oscillation:  
- establish whether nature violates CP in the lepton 
section and if so measure , 
- improve accuracy on  and determine the octant 

 vs. ,  
- determine the neutrino mass ordering at high 
confidence level.

δCP
θ23

θ23 < π /4 θ23 > π /4

2

DUNE main physics goals: 

LBNF beam: 

• Both neutrino-enriched and 
antineutrino-enriched 
configurations.

• Wide-band neutrino beam: 
1.2MW( 2.4MW), peaked at ~ 
2.5GeV. 

→

Far Detector: 

• 4 modules,1.5 km underground: 3 
LArTPCs (17 kton each) + 1 module of 
opportunity (FD4). 

• Horizontal (FD2) and vertical (FD1) 
technologies.  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Near detector complex
The DUNE near detector 574 m downstream the beam target and 
60 m underground will have three components:
• ND-LAr: 67 ton liquid argon TPC based with pixelated readout 

coupled with: 
‣ TMS (phase I): muon spectrometer, 
‣ ND-GAr (phase II): magnetised high pressure gaseous 

argon TPC surrounded by an ECal. 
• SAND: On-axis magnetised detector with LAr active target, a 

low-density tracker and an ECal.  
 
DUNE-PRISM: up to 28.5 m off-axis movable system composed 
of ND-LAr+TMS/ND-GAr to scan different neutrino energies. 

SAND

TMS( ND-GAr)→ ND-LAr

DUNE-PRISM
28.5m 

 beam axisν

6

"Near Detector Conceptual Design Report"

https://arxiv.org/pdf/2103.13910
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Near detector complex

Nνμ
ND(preco) = ∑

i

Φνμ
(Etrue) ⋅ σi

νμ
(ptrue) ⋅ ϵνμ

(ptrue) ⋅ Ri(ptrue; preco)
 = interaction,  i p = (E, ⃗p )

 
- Measure the ND beam rate spectrum before oscillation for the prediction at FD.

- Measure the flux at ND.  
- Constrain systematic uncertainties measuring cross sections, detector response and efficiency.
- Independent physics programme for cross sections and BSM. 

The DUNE near detector 574 m downstream the beam target and 
60 m underground will have three components:
• ND-LAr: 67 ton liquid argon TPC based with pixelated readout 

coupled with: 
‣ TMS (phase I): muon spectrometer, 
‣ ND-GAr (phase II): magnetised high pressure gaseous 

argon TPC surrounded by an ECal. 
• SAND: On-axis magnetised detector with LAr active target, a 

low-density tracker and an ECal.  
 
DUNE-PRISM: up to 28.5 m off-axis movable system composed 
of ND-LAr+TMS/ND-GAr to scan different neutrino energies. 

The DUNE near detector role: 

SAND

TMS( ND-GAr)→ ND-LAr

DUNE-PRISM
28.5m 

 beam axisν

Nνμ→β
FD (preco) = ∑

i

Φνμ
(Etrue) ⋅ Pνμβ(Etrue) ⋅ σi

β(ptrue) ⋅ ϵβ(ptrue) ⋅ Ri(ptrue; preco)
 = interaction, ,  i β = νμ, νe p = (E, ⃗p )
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"Near Detector Conceptual Design Report"

https://arxiv.org/pdf/2103.13910
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SAND (System for on-Axis Neutrino Detection) is a multi-purpose 
detector, permanently on-axis, capable of precision tracking and 
calorimetry, featuring:

• 0.6 T superconducting magnet, 
• electromagnetic calorimeter (ECal), 

• GRAIN: a LAr active target (~1 ton), with 
imaging system.  

• STT: a low-density tracker based on 
Straw Tubes with distributed target mass.

SAND in a nutshell 

ν

GRAIN

STT

GRAIN
STT

• Constrain nuclear effects by using 
different nuclear targets (Ar, CH2 , C) and 
"solid Hydrogen” technique. 

• BSM physics program
• Perform independent  flux measurements ν/ν̄

8

KLOE experiment!

SAND goals
• Monitor beam changes 

continuously with high 
significance on a weekly basis,



28/08/25 Denise Casazza - TAUP2025

SAND (System for on-Axis Neutrino Detection) is a multi-purpose 
detector, permanently on-axis, capable of precision tracking and 
calorimetry, featuring:

• 0.6 T superconducting magnet, 
• electromagnetic calorimeter (ECal), 

• GRAIN: a LAr active target (~1 ton), with 
imaging system.  

• STT: a low-density tracker based on 
Straw Tubes with distributed target mass.

SAND in a nutshell 

ν

GRAIN

STT

GRAIN
STT

SAND goals
• Monitor beam changes 

continuously with high 
significance on a weekly basis,

• Constrain nuclear effects by using 
different nuclear targets (Ar, CH2 , C) and 
"solid Hydrogen” technique. 

• BSM physics program
• Perform independent  flux measurements ν/ν̄

9



28/08/25 Denise Casazza - TAUP2025

The SAND ECal
•   lead-scintillating fiber longitudinal sampling EM 

calorimeter. 

• 4880 channels (cells) in barrel (24)& two-endcap (32 + 32) modules. 

• Each module: 15  thick, composed of 200 lead foils 0.5 mm thick, 
grooved to host fibers + 200 layers of cladded scintillating fibers, 
1mm ⊘. 5 layers with a cell granularity . 

• Singe cell readout at both ends via PMTs.  

∼ 4π

X0

∼ 4.4 × 4.4 cm2

ENDCAP MODULES

BARREL MODULES

The efficiency has been evaluated with different data samples:
eþe" ! eþe"g, f! pþp"p0 and KL ! pþp"p0. In the first case,
events are selected requiring two tracks and zero missing mass, in
the other cases two tracks and one cluster are required. The
position of the second cluster is evaluated by missing momentum
from photon direction and pion momenta.

The time resolution has been evaluated using f! Zg,
f! p0g and eþe" ! eþe"g events. The resolution is
evaluated from the standard deviation of the t " r=c distribution,

we measure:

st ¼
54psffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E ðGeVÞ

p & 140 ps.

The constant term of 140 ps is due to residual detector
miscalibration (80 ps), the time jitter of the RF coincidence and
the uncertainty on the interaction point position due to the finite
length of the bunches.

ARTICLE IN PRESS

Fig. 2. Efficiency, time resolution, linearity response and energy resolution of the KLOE calorimeter.

F. Ambrosino et al. / Nuclear Instruments and Methods in Physics Research A 598 (2009) 239–243 241

σE /E = 5.7 % / E(GeV )
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"Calibration and performances of the KLOE calorimeter."

σt = 54ps/ E(GeV ) ⊕ 140ps

PMT VIEW - single barrel module
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"ECAL Overview and performance "

https://www.sciencedirect.com/science/article/pii/S0168900208012357?via=ihub
https://indico.fnal.gov/event/64578/contributions/293842/attachments/179852/246169/didomenico_SAND_KLOE_compenents_PDR_20240722_18_web.pdf
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HiResM⌫:
Costs and Detector Design

R. Petti

University of South Carolina

LBNE Near Detector Workshop

Columbia SC, December 12, 2009

Roberto Petti USC
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37.7180

5.0000 14.0580
5.0000

18.6600

Radiator:
105 foils

Tunable
target
slab

XX straws YY straws

UPDATED DESIGN OF STT MODULES

Roberto Petti USC

CH2
<latexit sha1_base64="mUm2Hg5Se2GYpLxpt/u/19zZfQc=">AAAB/HicbVC7TsMwFL0pr1JegY4sFi0SU5WUAcaKLh2LRB9SG0WO67RWnYdsBymKyq+wMIAQKx/Cxt/gphmg5UhXOjrnXl/f48WcSWVZ30Zpa3tnd6+8Xzk4PDo+MU/P+jJKBKE9EvFIDD0sKWch7SmmOB3GguLA43TgzdtLf/BIhWRR+KDSmDoBnobMZwQrLblmdZy/kXk8oQvU7tTdZt01a1bDyoE2iV2QGhTouubXeBKRJKChIhxLObKtWDkZFooRTheVcSJpjMkcT+lI0xAHVDpZvniBLrUyQX4kdIUK5erviQwHUqaBpzsDrGZy3VuK/3mjRPm3TsbCOFE0JKtFfsKRitAyCTRhghLFU00wEUz/FZEZFpgonVdFh2Cvn7xJ+s2Gfd1o3jdrrbsijjKcwwVcgQ030IIOdKEHBFJ4hld4M56MF+Pd+Fi1loxipgp/YHz+AI/JlAo=</latexit>

Replaceable by nuclear target:
C, Ca, Fe, Pb, Ar, etc.

Total thickness ⇠ 0.015X0
<latexit sha1_base64="JD0WSmbcTcwS7ru/ATth71TR79g=">AAACCXicbVBLSwMxGMzWV62vVY9egq3gqexWRI9FLx4r9AXtsmTTbBuax5JkhbL06sW/4sWDIl79B978N6btHrR1IDCZ+T6SmShhVBvP+3YKa+sbm1vF7dLO7t7+gXt41NYyVZi0sGRSdSOkCaOCtAw1jHQTRRCPGOlE49uZ33kgSlMpmmaSkICjoaAxxchYKXRhUxrEoBlRPBZEa1jpa8qhV/X8S9gNvUrolu1lDrhK/JyUQY5G6H71BxKnnAiDGdK653uJCTKkDMWMTEv9VJME4TEakp6lAnGig2yeZArPrDKAsVT2CAPn6u+NDHGtJzyykxyZkV72ZuJ/Xi818XWQUZGkhgi8eChObXAJZ7XAAVUEGzaxBGFF7V8hHiGFsLHllWwJ/nLkVdKuVf2Lau2+Vq7f5HUUwQk4BefAB1egDu5AA7QABo/gGbyCN+fJeXHenY/FaMHJd47BHzifPyO9mAU=</latexit>

3% of mass

~97% of mass

OPTIMIZED DESIGN OF STT MODULES

Roberto Petti USC

Replaceable by nuclear target:
C, Ca, Fe, Pb, Ar, etc.

Figure 12: Drawing of a default STT module including three main elements (left to right): (a) a tunable
polypropylene CH2 target; (b) a radiator with 105 polypropylene foils for e

± ID; (b) four straw layers XXYY.
The radiator and plastic target are removed for modules to be equipped with nuclear targets.

Typical neutrino detectors su↵er from a tension between the opposing requirements of a large target
mass versus the detector resolution necessary to achieve the physics goals. Furthermore, in most fine-
grained neutrino detectors the active detector, consisting of several di↵erent materials, also provides the
target mass. A drawback of this configuration is the di�culty to precisely control the target chemical
composition and size, limiting the ultimate precision achievable in the measurements. Additional potential
issues are the di�culty to modify the target configuration during data taking and/or the limited options for
the target materials. A detector technology designed to o↵er a solution to these outstanding issues is a Straw
Tube Tracker (STT) in which the neutrino targets are physically separated from the actual tracking system
(the straws) of negligible mass [72]. To achieve high resolution measurements, the target mass is spread out
uniformly throughout the entire tracking volume, by keeping the average density low enough – similar to that
of liquid deuterium ⇢  0.18 g/cm3 – to have a detector transparent (on average, about one radiation length
X0) to final state particles produced in neutrino interactions. This detector concept is rather flexible and its
main operating parameters can be adapted to di↵erent detector configurations and geometries. Examples
of di↵erent implementations of the STT technology can be found in the CDR of the DUNE experiment [32]
and in a recently proposed near detector enhancement for the Long-Baseline Neutrino Facility (LBNF) [27].

3.3.1 A Compact Modular Design

The key detector element is a central STT, which is inserted into the available magnetic volume inside the
KLOE magnet. The base tracking technology is provided by low-mass straws similar to the ones used in
many modern experiments for precision physics or the search for rare processes [78, 20, 71, 61]. Thin layers
of various target materials (100% chemical purity) are alternated with straw layers so that they represent
more than 97% of the total detector mass (less than 3% being the mass of the straw tracker). This feature,
combined with the excellent vertex, angular, momentum, and timing resolutions are key factors to correctly
associate neutrino interactions to each target material, as well as for an accurate measurement of the four-
momenta of the final state particles. The main parameters of the proposed STT are the following: magnetic
field B = 0.6 T, average density ⇢ ⇠ 0.18 g/cm3, radiation length X0 ⇠ 2.6 m, tracking sampling 0.15
(0.36)%X0 ? (k). The corresponding STT modules are based upon a compact design (Fig. 12) resulting in
a total width of 37.7 mm:

• The straws can be fabricated with either the ultrasonic welding or the traditional winding technolo-
gies [60]. Each module includes four straw layers XXYY glued together, with straw diameter 5 mm,
mylar walls with total thickness 12 µm and 70 nm Al coating, tungsten wire with 20 µm diameter and
a 20 nm gold coating.

• The prototypes of straw tracker developed at JINR for the COMET experiment [71] have demonstrated
that using the ultrasonic welding technology it is feasible to build straws with wall thickness of 12 µm

and 5 mm diameter. The corresponding technology developed for COMET can be directly used to

16

The SAND Straw Tube Tracker
DESIGN:
• Low-density tracker based on 5 mm diameter straw tubes, 84 

modules. 
• Each module: 

1. target material ( ), 
2. transition Radiation Detector,
3. four straw tube layers in XXYY configuration. 

• Basic configuration: one layer of C (graphite) every nine of 
(polypropylene). Gas mixture:  ( ) at 1.9 atm. 

1 − 2 % X0

CH2
Xe/CO2 70 % /30 %

1 C MODULE

9  MODULESCH2

target radiator straw tubes 

FEATURES:
• Modular layout with tuneable average density and 

availability for new targets. 
• Accurate reconstruction of kinematics variables: 

momentum ~ 3.5 %, angular ~ 2 mrad and time ~ 1 
ns resolutions,

• Single hit space resolution < 200 ,
• Particle identification for charged particles via  

 + dE/dx.

μm

p

11

"Near Detector Conceptual Design Report"

https://arxiv.org/pdf/2103.13910
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GRAIN: GRanular Argon for Interactions of Neutrinos 

Lens 
53 cameras, SiPM matrix 32 x 
32 SiPMs, surface .2x2mm2

• 1-ton LAr target, 
• inner cryostat made of steel, operated at 1.5 bar,
• outer vacuum vessel made of composite materials, maintained at 

.10−5bar

LAr active target with an optical readout system that allow particle reconstruction using scintillation light. 
f

a b

O(1m)

12

Coded aperture masks 
60 cameras, SiPM matrix 32 x 
32 SiPMs, surface 3x3 . mm2

Main motivations
• Constraint on systematics for the −Ar cross-section and nuclear 

effects,
ν

• Complementary Ar target for cross-
calibration with other ND detectors.

DUNE PRELIMINARY

“V. Cicero’s talk” 

https://iris.unige.it/handle/11567/1105305
https://indico.cern.ch/event/1386009/contributions/6279070/attachments/3017583/5322583/2025-02-VCI_cicero.pdf
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Beam monitoring capability
SAND is permanently located on-axis for continuous beam monitoring to: 
• track changes in the beam necessitating changes in the beam model,
• diagnose the reasons for unanticipated changes in the beam spectra.

Detecting variations in the energy spectrum and spatial distribution of -CC events on a weekly 
basis (  proton-on-target). 

νμ
3.78 ⋅ 1019

T = Δχ2 =
N

∑
i=1

(Nnom
i − Nvar

i )2

Nnom
i

3.78 ⇥ 1019pot
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2 =
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N Ni
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��
2

��
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p
��2 > 3
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��2(E⌫ )

p
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2
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X Y X Y

"A Proposal to Enhance the DUNE Near Detector Complex" 

•  for 7 beam parameters. 

•  for beam x-axis direction shifts down to cm

Δχ2 > 3

Δχ2 > 3 8.4

 spectrum-x><0Eν

x reco vertex
 spectrum-all posEν

Δχ2 = 9

14

"DUNE TDR"

DUNE PRELIMINARY

https://docs.dunescience.org/cgi-bin/private/ShowDocument?docid=13262
https://arxiv.org/pdf/2103.13910
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Solid hydrogen concept
The modular design of the STT offers the opportunity to extract /  interactions on hydrogen (H) by the 
subtraction of samples interacting on the polypropylene ( ) and graphite (C) targets. 

ν̄ ν
CH2

-H interactions are free from nuclear effects and final 
state interactions. 

1.Kinematic variables can then be used to select 
interactions using a multi-dimensional likelihood 
function.  

2.The residual C backgrounds are subtracted with 
data-driven procedure, thanks to the graphite target. 

ν

Precision (Anti)Neutrino Scattering off Nucleons and Nuclei R. Petti

HiResM�:
Costs and Detector Design

R. Petti

University of South Carolina

LBNE Near Detector Workshop

Columbia SC, December 12, 2009
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44.09 mm
� 0.015 X0
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Figure 1: Drawing of a STT module allowing a control of the configuration, chemical composition, and
mass of the n(n̄) target(s) comparable to electron scattering experiments.
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Interactions CH2 H

Standard CP optimized (1.2 MW):
nµ CC (FHC, 5 y) 35⇥106 3.6⇥106

n̄µ CC (RHC, 5 y) 13⇥106 2.9⇥106

Optimized nt appearance (2.4 MW):
nµ CC (FHC, 2 y) 66⇥106 6.5⇥106

n̄µ CC (RHC, 2 y) 24⇥106 4.3⇥106

Figure 2:

1. Introduction

2. Limitations of Neutrino Scattering Experiments

3. New Perspectives on Precision (Anti)Neutrino Scattering

3.1 Statistics and Resolution

3.2 Control of Targets

3.3 Control of Fluxes

4. Precision Measurements and Searches
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Figure 2: Left panel: Example of kinematic identification of nµ p ! µ� pp+ interactions on hydrogen using
multi-dimensional likelihood functions in STT [13]. Right panel: Expected CC statistics in STT (5 tons of
CH2) with the various LBNF beam options considered [4].

Straw Tube Tracker (STT), in which the neutrino targets are physically separated from the actual
tracking system of negligible mass [5]. To achieve high resolution measurements, the target mass
is spread out uniformly throughout the entire tracking volume, by keeping the average density low
enough – similar to that of liquid deuterium – to have a detector transparent (size comparable to
one radiation length) to final state particles produced in neutrino interactions. This detector concept
requires to be inserted into a magnetic field and surrounded by a 4p electromagnetic calorimeter
(ECAL). Examples of different implementations of the STT technology can be found in the CDR
of the DUNE experiment [6, 7] and in a recently proposed near detector enhancement for the Long-
Baseline Neutrino Facility (LBNF) [4].

Figure 1 shows a new STT design offering a compact detector equipped with fully config-
urable neutrino targets, as well as optimized tracking and particle identification. The base tracking
technology is provided by low-mass straws similar to the ones used in many modern experiments
for precision physics or the search for rare processes [8, 9, 10, 11, 12]. Thin layers – typically 1-2%
of radiation length – of various target materials (100% chemical purity) are alternated with straw
layers so that they represent about 97% of the total detector mass (the mass of the straws being
3%). This feature, combined with the excellent vertex, angular, momentum, and timing resolutions
are key factors to correctly associate neutrino interactions to each target material, as well as for an
accurate measurement of the four-momenta of the final state particles. The main target material is
CH2 plastic (polypropylene) split between a tunable solid target slab and a radiator (150 foils 15
µm thick) for electron identification via transition radiation (Fig. 1). Both the target slab and the
radiator can be easily unmounted (or replaced) during data taking, leaving a pure tracking module
with average density of ⇠0.005 g/cm3. The average density (and fiducial mass) of the detector can
be fine tuned up to a maximal value of about ⇠0.18 g/cm3. The system composed of the target slab
and the radiator can also be replaced by a variety of thin (⌧ 0.1X0) nuclear targets like C, Ca, Fe,
Pb, Ar, etc., which are interleaved with CH2 modules to guarantee the same acceptance.

2.3 Control of Nuclear Effects

The accurate control of the configuration, chemical composition and mass of the (anti)neutrino
targets provided by the STT allows the implementation of a solid hydrogen target by subtracting

3

"A precise determination of (anti)neutrino fluxes with (anti)neutrino-hydrogen interactions.”

νμp → μ−pπ+

Use cases:  
Cross-section and nuclear effects systematic uncertainties control. 

Flux measurements.  
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⌫� optimized FHC
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Figure 196: Summary of the expected statistical and systematic uncertainties in the ⌫µ relative flux determi-
nation using ⌫µp ! µ

�
p⇡

+ exclusive processes on hydrogen. Two di↵erent input spectra similar to the ones
planned in the LBNF are considered: (a) a low-energy beam optimized to search for CP violation (left plot)
with a cut ⌫ < 0.5 GeV and 5 year exposure; (b) a high-energy beam optimized to detect the ⌫⌧ appearance
(right plot) with a cut ⌫ < 0.75 GeV and 2 year exposure.

CH2 and graphite (C) targets. These latter are directly normalized to the fraction of C content in the CH2

targets. Indirect e↵ects from the acceptance corrections are negligible since the STT is designed (Sec. 3.3)
to guarantee the same acceptance for both CH2 and C targets and the acceptance is already a second order
correction on a small data-driven subtraction.

6.1.1 Determination of Relative and Absolute Fluxes

For the determination of the relative flux as a function of energy the interactions on H (free proton) o↵er
a unique tool free from nuclear smearing [44]. 5 The simplest topology available in ⌫-H interactions is the
process ⌫µp ! µ

�
p⇡

+, dominated by resonance production. Since all final state particles can be accurately
reconstructed in the STT, the unfolding of the detector response is controlled by the momentum resolution
�p/p ⇠ 3%. These features make the ⌫µp ! µ

�
p⇡

+ topology an excellent tool for the determination of the
relative ⌫µ fluxes as a function of E⌫ , using the absolute normalization from ⌫-e scattering (Sec. 6.2).

The relevant model uncertainties are the ones a↵ecting the energy dependence of the RES cross-section
on hydrogen, which is controlled by the proton form factors. These uncertainties are substantially smaller
than in any nuclear target, due to the absence of nuclear e↵ects. To estimate such uncertainties we consider
the ⌫µp ! µ

�
p⇡

+ process on H and vary the axial mass by ±20% and the vector mass by ±10%. The
resulting uncertainties on the flux shape are of the order of 2-5% depending upon the energy. We can
further reduce such uncertainties by restricting our analysis to events with low hadronic energy ⌫. Given
the typical invariant mass of resonant processes, cuts down to ⌫ < 0.5 GeV are feasible. This e↵ect arises
from the flattening of the energy dependence of the RES cross-section at ⌫ < 0.5 GeV, associated to the
reduced phase space, which is pushing the residual rise at energies lower then the range of interest for the flux
measurement. As a result, the uncertainty on the energy dependence (NOT on the absolute cross-section,
the overall normalization requires ⌫-e elastic) is reduced at the sub-percent level. The e↵ect is similar to
the usual low-⌫ technique, but here we have a single exclusive process with a well defined cross-section.
The overall e�ciency of the cut ⌫ < 0.5 GeV on the reconstructed hadronic energy is about 25% for the
µ
�
p⇡

+ topologies on H, resulting in a total of 560,000 events expected in the flux sample. The kinematic
selection described in Sec. 6.1 and the cut ⌫ < 0.5 GeV suppress resonances higher than �(1232) and
non-resonant backgrounds. As a result, in the sample used for the relative flux determination 96.6% of the
events have W < 1.35 GeV, 0.02% originate from higher mass resonances, and about 3.4% from non-resonant
contributions, according to the GENIE simulations. Comparable results are obtained using the GiBUU and
NuWro generators.

Since hadronic uncertainties are greatly reduced by using interactions on hydrogen with small energy
transfer ⌫, one of the dominant systematic uncertainties on the relative flux determination is associated to
the muon energy scale. As discussed in Sec. 3.7, we can calibrate the momentum scale of charged particles
with the mass peak of the large samples of reconstructed K0 ! ⇡

+
⇡
� decays. In our study we assume the

same muon energy scale uncertainty of 0.2% achieved by the NOMAD experiment [87]. We note that STT

5Elastic scattering o↵ electrons (mainly NC) can also provide complementary information free from nuclear e↵ects (Sec. 6.2).
However, the substantially smaller statistics and the additional smearing associated to the outgoing neutrino and the beam diver-
gence limit the physics sensitivity of this channel to the relative fluxes.

136

Flux measurements 
The capability of SAND to identify and reconstruct different types of interactions will enable flux measurements, necessary 
to predict the FD rate. 

Nνμ
ND(preco) = ∑

i

Φνμ
(Etrue) ⋅ σi

νμ
(ptrue) ⋅ ϵνμ

(ptrue) ⋅ Ri(ptrue; preco)

Absolute and relative fluxes with uncertainties < 1% using 
 and  processes on hydrogen.  

 
 

νμp → μ−pπ+ ν̄μp → μ+n

Absolute  on STT and GRAIN for FHC and RHC modes. νe → νe

Clean selection with solid H technique

  without nuclear smearing  

Flattening of cross section energy dependence 
in low energy region

Ri(ptrue; preco)

 = interaction,  i p = (E, ⃗p)
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Figure 206: Signal and background selection of ⌫-e elastic scattering in STT (left panel) and LAr (right panel).

Detector Signal Backgrounds: �stat �syst �tot

⌫e QE NC ⇡
0

STT FHC 5y on-axis 5,814 3% 2% 1.3% ⇠1% ⇠ 1.7%
LAr FHC + DUNE-Prism (50%) 18,715 11% 3% 0.7% ⇠1.5% ⇠ 1.7%

Table 28: Selection of ⌫-e elastic scattering in the STT and LAr detectors.

forward electron in the final state. The main problem to address is the statistics given the tiny cross-section
for this process. To this end, we can use all the various materials present within the inner magnetic volume,
including the CH2 targets and radiators, the graphite targets, and the straws in STT, as well as the thin
internal LAr target. The largest contribution is given by the CH2 material, which has the advantage of
an higher electron density per unit mass due to the relatively large hydrogen content. The total combined
fiducial mass usable for the ⌫e ! ⌫e analysis is about 6.5 tons.

The main advantages o↵ered by STT for the measurement of ⌫-e are:

• Low density design (⇠ 0.18 g/cm3) combined with a sizeable fiducial mass;

• Excellent electron identification with TR and dE/dx;

• High energy and angular resolution (1-2 mrad) for the kinematic rejection of backgrounds;

• In-situ measurement of background sources to reduce systematics.

The ⌫-e event selection in STT requires the identification of the outgoing electron with Ee > 0.15 GeV,
a veto of additional tracks/hits or neutral cluster, and a kinematic cut Ee✓

2

e < 0.0012 GeV rad2. The
selection e�ciency is about 84% with a total background of 5%, composed of ⌫e QE interactions without
reconstructed proton (3%) and NC ⇡

0 interactions (2%), as shown in Fig. 206. Table 28 summarizes the
results of the STT event selection. Overall we expect a rate of about 1,160 (980) ⌫e� events/year with the
FHC (RHC) beam from all target materials within the fiducial volume.

The same process can be also selected in the ArgonCube LAr detector part of the ND complex, which is
characterized by a fiducial mass of about 50 tons. The LAr event selection is requiring an identified electron
with Ee > 0.5 GeV, a veto of additional activity related to tracks/photons, and a cut Ee✓

2

e < 0.0016 GeV
rad2 (Fig. 206). The less stringent kinematic cut in LAr with respect to STT is due to the worse angular
resolution (about 4 mrad vs. 2 mrad). Results for the LAr detector [65] are shown in Tab. 28 giving a
larger statistics of 18,715 signal events with about 14% backgrounds (11% from QE and 3% from NC). The
statistics in Tab. 28 assumes that the movable LAr detector will be located o↵-axis for about 50% of the time
– as planned with the DUNE-Prism concept in DUNE – resulting in a corresponding reduction of the on-axis
sample to be used for the absolute flux determination. The di↵erence in the event samples between LAr
and the STT is smaller than the corresponding ratio of fiducial masses since the ratio of electrons/nucleons
is about 27% larger in STT. In addition to the detector resolutions and responses, the higher background
levels in LAr can be explained by the fact that in Ar we have about 40% more ⌫e CC without visible hadrons
than in CH2, due to the larger nuclear e↵ects.

Both the STT and the LAr ⌫-e samples can be used for the determination of ⌫µ fluxes given the sizable
statistics. To this end, the most e↵ective method is to perform a template fit to the measured 2D distribution
(Ee, ✓e) for the electron to extract the input neutrino energy spectrum. The values of (Ee, ✓e) are directly
related to the energy of the incoming neutrino assuming the target electron at rest, thus providing some
sensitivity to spectral information, in addition to the absolute flux from the well known cross-section. In
the absence of systematic uncertainties this fit is dominated by the LAr statistics and the STT sample adds
little information to the combined fit. The template fit to the (Ee, ✓e) has a substantially better sensitivity
by using both the rate and shape information than by using the shape only, suggesting that the overall rate
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Constrain nuclear effects 
Argon targets brings intrinsic limitations in oscillation analysis due to substantial 
nuclear effects which remain folded in .Ri(ptrue; preco)

Nνμ
ND(preco) = ∑

i

Φνμ
(Etrue) ⋅ σi

νμ
(ptrue) ⋅ ϵνμ

(ptrue) ⋅ Ri(ptrue; preco)  = interaction,  i p = (E, ⃗p)

= RphysRdet(ptrue; preco)

1% on H =1 on H,  calibrated Rphys RdetMeas on H

•  on Ar can be 
constrained from Ar - H comparison.  

• Results can then be compared with similar 
analyses of different targets in STT. 

σi
νμ

(ptrue) ⋅ Rphys(ptrue; preco)
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Figure 203: Ratio of reconstructed to true neutrino energy in inclusive ⌫µ CC interactions from the Ar and H
targets in STT. The large e↵ects of the nuclear smearing in Ar observed in the main oscillation region can be
constrained with H events in STT.

result can be understood with the geometry of the LAr meniscus, which is arranged in a thin plane ⇠ 1X0

followed by the STT tracking modules.
In Sec. 2.1.2 we outlined the measurement strategy to constrain the nuclear smearing in Ar by using

reconstructed events from the active Ar target and H in STT. The first step is to compare the inclusive
CC samples in order to determine �ArRphys. Fig. 203 quantifies the impact of various nuclear e↵ects in Ar
on the reconstructed neutrino energy in STT. The e↵ects are large and result in substantial distortions of
the measured spectrum. As expected, the measurement on hydrogen is close to the true neutrino energy
spectrum since the e↵ect of the detector smearing (mainly �p/p known to 0.2%) is below 5%. We note that
non only the largest smearing occurs in the region most sensitive to the oscillations, 0.5 < E⌫ < 5 GeV, but
this e↵ect is rapidly changing as a function of energy. A comparison between Ar and H interactions o↵ers a
unique tool to measure �ArRphys and constrain this important smearing.

In STT we can also constrain separately �Ar and Rphys by using a complete set of kinematic variables
(5 kinematic degrees of freedom) sensitive to the nuclear smearing and comparing Ar and H inclusive CC
interactions. As illustrated in Fig. 204 for the pT asymmetry and the angle �MH between the missing pT

and the pT of the hadron vector (simple examples), we have a good sensitivity to the details of the nuclear
modeling in Ar.

As discussed in Sec. 2.1.2 , additional constraints on the nuclear smearing in Ar can be obtained from
the analysis of exclusive topologies. We can also use the reconstructed charge at the primary vertex, Cvtx,
to select samples of interactions originated from neutrons and protons in Ar (Fig. 205). A requirement of
Cvtx = 0 in FHC inclusive ⌫µ-Ar CC results in a sample of interactions on neutron with 97-99% purity.
Similarly, a selection Cvtx = +1 in RHC inclusive ⌫̄µ-Ar CC results in a sample of interactions on proton
with 75-83% purity. The quoted ranges correspond to the model dependence estimated from a comparison
between two di↵erent generators, GENIE and NuWro, as shown in Fig. 205.

Additional constraints on nuclear e↵ects can be obtained from dedicated measurements of various exclu-
sive topologies using the suite of nuclear targets (H, C, Ca, Ar) in STT:

• Ratios of cross-sections and structure functions for exclusive and inclusive processes;

• Di↵erence �E = E
⌫
rec(2 trk)� E

QE

rec (1 trk) in Quasi-elastic topologies;

• Di↵erence between QE cross-sections determined from 1 track and 2 track samples;

• Di↵erences between the 2 and 3 track samples from Resonance production;

• Backward going pions and protons.

6.2 ⌫-e Elastic Scattering

The ⌫e ! ⌫e elastic scattering o↵ers a purely leptonic process with well understood cross-section to be used
for the determination of absolute and relative ⌫µ fluxes. The experimental signature is simple with a single
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Conclusions 
• DUNE will address exciting neutrino physics open questions with 

the conjunct work of near and far detectors. 

• SAND sub-detectors in combination with the other ND allows for 
high resolution particle identification and reconstruction for neutrino 
interactions. 

• SAND is an excellent beam monitor for changes that would impact 
long-baseline measurements.

• Solid Hydrogen measurements will allow for a significant reduction 
of the systematics due to neutrino-nucleus interactions. 

• SAND will perform complementary measurements of both the 
normalisation and energy dependence of the flux. 

18



28/08/25 Denise Casazza - TAUP2025

Thank you for your attention! 


