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SANDI 
Scintillator for ANNIE Neutrino Detection Improvement
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ANNIE is studying the possibility of deploying  
Water-based Liquid Scintillator (WbLS) in the central 

fiducial volume to improve vertex resolution and also gain 
sensitivity to sub-Cherenkov charged hadrons at the vertex.



WbLS + Gd 
Water-based Liquid Scintillator with Gadolinium
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Newly developed at BNL, WbLS-Gd 
is now undergoing testing for 

scattering, absorption, stability, and 
ability to recirculate. 

Candidate for use in SANDI, as this 
would improve neutron efficiency 

near the vertex

WbLS long arm attenuation 
measurement device



Multi-Target Measurements 
Potential for H2O + Ar Analysis with SBND
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• Proximity of ANNIE & SBND presents an opportunity for joint 
Ar+H2O measurements at ∼1 GeV 

• Nearly identical flux → high precision on ratios 
• Oscillations: DUNE/HK, WbLS Theia FD + DUNE ND, ... 
• Neutrino interaction physics 

• Neutron tagging in ANNIE + proton tagging in SBND 
• Modeling neutron production in LAr 

• Cross section (ratio)s, generator validation, generator tuning, ...

Magnetic focusing horn

horn. The largest field values of 1.5 Tesla are obtained
where the inner conductor is narrowest (2.2 cm radius).
The effects of time-varying fields within the cavity of the
horn are found to be negligible. The expected field prop-
erties of the horn have been verified by measuring the
current induced in a wire coil inserted into the portals of
the horn. Figure 5 shows the measured R dependence of the
azimuthal magnetic field compared with the expected 1=R
dependence. The ‘‘skin effect’’, in which the time-varying
currents traveling on the surface of the conductor penetrate
into the conductor, results in electromagnetic fields within
the conductor itself.

During operation, the horn is cooled by a closed water
system which sprays water onto the inner conductor via
portholes in the outer cylinder. The target assembly is
rigidly fixed to the upstream face of the horn, although
the target is electrically isolated from its current path. At
the time of writing, two horns have been in operation in the
BNB. The first operated for 96! 106 pulses before failing,

FIG. 4 (color online). The MiniBooNE pulsed horn system.
The outer conductor (gray) is transparent to show the inner
conductor components running along the center (dark green
and blue). The target assembly is inserted into the inner con-
ductor from the left side. In neutrino-focusing mode, the (posi-
tive) current flows from left-to-right along the inner conductor,
returning along the outer conductor. The plumbing associated
with the water cooling system is also shown.

FIG. 3 (color online). Left: Neutrino event times relative to the nearest RF bucket (measured by the RWM) corrected for expected
time-of-flight. Right: An oscilloscope trace showing the coincidence of the beam delivery with the horn pulse. The top trace (labeled
‘‘2’’ on the left) is a discriminated signal from the resistive wall monitor (RWM), indicating the arrival of the beam pulse. The bottom
trace (labeled ‘‘1’’ on the left) is the horn pulse. The horizontal divisions are 20 !s each.
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FIG. 5. Measurements of the azimuthal magnetic field within
the horn. The points show the measured magnetic field, while the
line shows the expected 1=R dependence. The black lines
indicate the minimum and maximum radii of the inner conduc-
tor.
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Examples with a generator-level GENIE v3.00.06 MC and true CC0π selection:

Kinematics in DUNE and HK FDs vs. ANNIE/SBND
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Nucleon multiplicity for νμCC0π

measure 
well

predict

proton-produced ionization, with the possibility of many
follow-on generations of neutrons and subsequent nucleon
binding energy losses.
Reference [37] explains this neutron energy accounting

in detail for GeV-scale neutrino interactions. Thus, for the
purposes of completeness of our description, we will only
briefly summarize some relevant conclusions in this para-
graph, while encouraging the reader to carefully study that
excellent paper. For FLUKA-simulated 4 GeV neutrino
interactions in liquid argon, 30% of hadronic energy is lost,
on average, to the production (binding energy) or inter-
action (inelastic or elastic scattering) of final-state neutrons.
Of this neutron-related budget, less than a third is likely to
be identified using standard large-feature reconstruction
tools, such as Pandora [17]. One of the largest neutron-
related energy loss categories is ionization below quoted
DUNECDR detection thresholds [49], i.e., electromagnetic
and proton-produced blip activity. Proper identification and
consideration of neutron-related blip activity can provide a
relative improvement in energy resolution of order 25%
for both GeV-scale neutrinos and antineutrinos.

Reference [37] also notes that binding energy represents
the largest contributor to neutron-related energy losses.
Thus, we might expect an additional substantial improve-
ment in energy resolution from accurate determination of
the number of final-state primary and secondary neutrons in
an event. As mentioned in the previous section, precise
capture-based neutron identification will be extremely
challenging in LArTPCs. In addition, given the large
number of average primary and secondary neutrons in a
GeV neutrino event and the diffuseness of their produced
activity, the blip proximity method introduced in the
previous section also seems unlikely to provide easy insight
into true neutron counts.
Beyond the concretely defined improvements in energy

accounting and resolution described above, blip multiplic-
ities, energies, and positions represent a new source of data
for constraining modeling of hadronic interactions and
energy loss mechanisms in argon, as well as modeling of
nuclear effects in neutrino-nucleus interactions. While infor-
mation regarding final-state neutron multiplicities, such as
that described recently in NOvA oscillation analyses [45],
may not be easily leveraged in LArTPCs, proxies for total
neutron energy and the presence of high-energyneutronswill
certainly be present in LArTPC events. A reduction in
modeling systematics enabled by analysis of MeV-scale
activity in beamneutrino events could have thepotential to be
more valuable than energy resolution reductions in maxi-
mizing the oscillation physics reach of DUNE.

V. ELECTROMAGNETIC SHOWER
RECONSTRUCTION

While neutrino energy resolution improvements brought
about by reconstruction of blip activity were demonstrated
in previous sections, it is worth briefly defining calori-
metric gains specifically for electromagnetic showers, such
as those produced in interaction of solar, supernova,
atmospheric, and beam !e and !̄e in LArTPCs.
Electromagnetic showers are composed of electrons and

positrons produced by hard electron-electron scattering and
bremsstrahlung photons. Many electrons produced by
bremsstrahlung photons will have energies at or below
the MeV-scale regime and may be lost from shower energy
reconstruction in the absence of low thresholds and/or
topologically loose feature collection criteria. These brems-
strahlung charge loss effects are stochastic, and contribute
substantially to overall shower energy resolution in
LArTPC reconstruction. These effects have been previ-
ously described in the literature: MicroBooNE reports
Michel electron and "0 electromagnetic shower resolutions
of order 20% over a range of energies, with much of this
resolution arising from the noninclusion of charge below
MicroBooNE hit-finding thresholds or outside of defined
shower topologies [20,31]. Similarly, LArIAT [21,50] has
demonstrated an energy resolution of approximately 10%
for the energy deposited by Michel electrons within their
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FIG. 10. Number of blips above 75 keVand within 30 cm (top)
and between 30–60 cm (bottom) of the primary electron for
supernova !e CC events with neutrons (red) and without neutrons
(blue), and for !x ES events (green). The scattering contribution
to the bottom panel is negligible, so it is not included. Distri-
butions are area-normalized and integrated over all interacting
neutrino energies.

BENEFITS OF MEV-SCALE RECONSTRUCTION CAPABILITIES … PHYS. REV. D 102, 092010 (2020)

092010-11

LAr neutron reco per 
PRD 102, 092010 (2020)

Multi-Target Measurements 
Potential for H2O + Ar Analysis with SBND



Timing 
Precision Neutrino Beam Timing
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Can precision timing resolve the time evolution of the flux composition? 

Potential PRISM-like analysis using time slices with higher-frequency RF

17/27

First CRT Results

BNB events Cosmic rays

Igor Kreslo, BernBeam timing, here at SBND (from CRT)
Fast timing (e.g. LAPPD)

+
FIG. 9. Projection of the initial (53.1 MHz, red) and final (531 MHz, blue) bunches onto the phase space variables ! and " using the
proton bunch initial conditions from 6. The simulation includes 20 neighboring 53.1 MHz rf buckets. The resulting width of the
531 MHz bunches is affected by interbucket cross-talk. The number of protons contained in each 531 MHz bunch varies from 15% to
5% of the number of protons in the initial 53.1 MHz bunch.

FIG. 10. The plots on the top row show the relative time-of-arrival of all neutrinos at the far detector for the zero bunch width and
perfect detector timing (left) and 250 ps bunch width and 100 ps detector timing in 200 ps bins (right). Time cut ranges that produce the
fluxes on the bottom row (red, magenta, indigo, blue, light blue, cyan, teal) are shown as shaded regions in the time-of-arrival plots on
the top row. All plots include pile-up affects from neighboring 531 MHz bunches. The plots on the bottom row show the simulated
LBNF neutrino energy distribution (outer envelope), overlaid with the fluxes corresponding to increasingly later binned time-cuts
relative to the bunch arrival time. The bins are 200 ps wide in both cases. Both plots are in forward horn current mode, as reverse horn
current versions look identical.

E. ANGELICO et al. PHYS. REV. D 100, 032008 (2019)
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PRD 100, 032008 (2019) 
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Original figure: DUNE-PRISM, P. Dunne, ICHEP2020
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