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Challenges in DUNE LBL Physics

• Subtle mistakes in our modeling of ν-Ar interactions on argon 
can produce large biases on neutrino oscillation parameters 

• Missing energy (e.g. neutrons) cause feed-down in Erec vs 
Etrue 

• Mismodeling the shape of this feed-down can cause biases 

• Understanding the detector uncertainties is also critical 
(e.g. in hadronic energy measurements) 
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DUNE-PRISM to the Rescue?

• DUNE-PRISM can provide strong constraints on ν-Ar interaction modeling 

• By measuring a continuously varying set of neutrino energy spectra, the Etrue -> 
Erec relationship can be constrained 

• However, challenges still remain 

• Differences in detector efficiency and resolution between the ND (ArgonCube + 
Muon spectrometer) and FD still must be precisely understood 

• Since the FD is on-axis, DUNE-PRISM cannot sample higher energies to constrain 
high-Eν feed-down (other strategies, such as changing the horn current are under 
investigation) 

• Uncertainties in the neutrino flux prediction must be well constrained 
(beamline geometry, wrong-sign backgrounds, etc.)



Advantages of Adding a 
WbLS Detector

• A WbLS detector provides several complementary features 
to the DUNE LBL program 

• A different (simpler?) target nucleus 

• Different detector systematic uncertainties (and 
coupling of detector modeling to cross section modeling) 

• Improved neutron detection 

• Good energy resolution 

• Fast timing 

• In the era of systematics limitations (i.e. when a 4th 
detector would come online), providing extra constraints 
on systematic uncertainties will be a high priority



Theia LBL Sensitivity Studies
• The initial LBL studies have focused on a pure 

water (Cherenkov-only) phase 

• The additional benefits of WbLS have not yet 
been included (hadronic energy measurements, 
neutron tagging, etc.) 

• Previous studies of a Water Cherenkov detector in 
the LBNF beam occurred in LBNE 

• These studies used older (“SK1”) reconstruction 
tools and analysis techniques 

• An updated set of studies has been conducted for 
Theia based on the latest Water Cherenkov 
analysis tools 
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Reminder of LBNE Studies
• LBNF beam with a water Cherenkov 

detector at Homestake 

• Prior studies (LBNE) made the following 
assumptions: 

1. Only single-ring events are selected 
(~20% νe-CCnQE efficiency) 

• Largest interaction mode at DUNE 
energies of ~2-3 GeV is resonance 
(CCπ) events 

2. Neutral current background rejection 
is based on older reconstruction tools 
(pre-FiTQun and even pre-POLFit) 

• Both of these assumptions have been 
revisited with updated reconstruction 
tools
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FIG. 9 Total neutrino and antineutrino per nucleon CC cross sections (for an isoscalar target) divided by neutrino energy and
plotted as a function of energy. Data are the same as in Figures 28, 11, and 12 with the inclusion of additional lower energy
CC inclusive data from N (Baker et al., 1982), ⇤ (Baranov et al., 1979), ⌅ (Ciampolillo et al., 1979), and ? (Nakajima et al.,
2011). Also shown are the various contributing processes that will be investigated in the remaining sections of this review.
These contributions include quasi-elastic scattering (dashed), resonance production (dot-dash), and deep inelastic scattering
(dotted). Example predictions for each are provided by the NUANCE generator (Casper, 2002). Note that the quasi-elastic
scattering data and predictions have been averaged over neutron and proton targets and hence have been divided by a factor
of two for the purposes of this plot.



Advances in Cherenkov Reconstruction

• Since the LBNE WC studies, the FiTQun 
event reconstruction package has been 
implemented in T2K & SK 

• A likelihood-based fitter that generates 
charge and time PDFs for all PMTs for 
any proposed set of final state particles 

• Substantial improvements are seen in 
e/μ separation and NC (π0) rejection 

• FiTQun is now exclusively used for all T2K 
oscillation analyses, and in the latest SK 
atmospheric analysis 

• FiTQun can naturally incorporate 
scintillation light, but this has not yet 
been implemented
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FiTQun π0 Rejection
• Goal: identify a low-E photon in the 

           presence of a high-E photon 

• To reject π0: Compare best fit likelihoods of π0 fit & 
single-e fit (as a function of reconstructed π0 mass) 

• Large improvement in finding low energy 2nd ring 

• ~70% reduction in π0 background relative to POLFit 
(but not even POLFit was used in the LBNE studies)
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an inner detector (ID) and an outer detector (OD). The
ID has a water fiducial volume (FV) of 22.5 kt that is
equipped with 11129 photomultiplier tubes (PMT) and
is surrounded by the 2 m wide OD. Neutrino events at
SK are selected if the Cherenkov ring is consistent with
an energy above 30 MeV in the ID with low activity
in the OD to reject any entering background or exiting
events. These events are labeled fully-contained (FC).
The FC fiducial volume (FCFV) sample is obtained by
applying the further cut that the event vertex is at least
2 m away from the ID tank wall. A timing cut of −2 to
10 µs relative to the first beam bunch arrival is applied to
distinguish T2K data from other neutrino samples such
as atmospheric neutrino interactions. The timing cut
reduces the contamination from other neutrino sources
to 0.0085 events in the full sample.
To select νe interaction candidate events in the FCFV

sample, a single electron-like Cherenkov ring is required.
The reconstructed electron momentum (pe) is required
to exceed 100 MeV/c to eliminate decay-electrons from
stopping muons generated by CC interactions and pi-
ons in NC interactions. In addition, events are required
to have a reconstructed neutrino energy (Erec

ν ) below
1250 MeV. Nearly all of the oscillated νe signal events
are below this value, while most of the intrinsic beam
νe background events have higher energies. The Erec

ν is
calculated assuming a CCQE interaction as

Erec
ν =

m2
p − (mn − Eb)2 −m2

e + 2(mn − Eb)Ee

2(mn − Eb − Ee + pe cos θe)
, (2)

where mn (mp) is the neutron (proton) mass, Eb is the
neutron binding energy in oxygen (27 MeV), me is the
electron mass, Ee is its energy, and θe is the angle of the
electron direction relative to the beam direction.
The final selection criterion removes additional π0

background events using a new reconstruction algorithm,
based on an extension of the model described in Refer-
ence [27], to determine the kinematics of all final state
particles. The new algorithm is a maximum-likelihood
fit in which charge and time probability density func-
tions (PDFs) are constructed for every PMT hit for a
given particle hypothesis with a set of 7 parameters:
the vertex position, the timing, the direction and the
momentum. Multiple-particle fit hypotheses are con-
structed by summing the charge contributions from each
constituent particle. Different neutrino final states are
distinguished by comparing the best-fit likelihood result-
ing from the fit of each hypothesis. To separate π0

events from νe CC events, both the reconstructed π0

mass (mπ0) and the ratio of the best-fit likelihoods of
the π0 and electron fits (Lπ0/Le) are used. Figure 2
shows the ln(Lπ0/Le) vs π0 mass distribution for signal
νe-CC events and events containing a π0 in the MC sam-
ple, as well as the rejection cut line. Events that satisfy
ln(Lπ0/Le) < 175 − 0.875 × mπ0 (MeV/c2) constitute
the final νe candidate sample. This cut removes 69% of

the π0 background events relative to the previous T2K
νe appearance selection, with only a 2% loss in signal
efficiency [3].
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FIG. 2. The ln(Lπ0/Le) vs mπ0 distribution is shown for both
signal νe-CC events (boxes) and background events containing
a π0 (blue scale). The red line indicates the location of the π0

rejection cut. Events in the upper right corner are rejected.

A summary of the number of events passing each se-
lection cut is shown in Table I. After all cuts, the to-
tal number of candidate νe events selected in data is 28,
which is significantly larger than the 4.92±0.55 expected
events for θ13 = 0. For sin22θ13 = 0.1 and δCP = 0, the
expected number is 21.6, as shown in Table I.

TABLE I. The expected number of signal and background
events passing each selection stage assuming sin22θ13 = 0.1,
sin2 θ23 = 0.5, |∆m2

32| = 2.4 × 10−3 eV2, δCP = 0, and
∆m2

32 > 0, compared to the observed number in data. In-
teractions in the true FV are based on the MC truth informa-
tion while all other numbers are based on the reconstructed
information and have been rounded off after addition to avoid
rounding error.

Selection
Data

νµ→νe νµ+νµ νe+νe NC
Total

CC CC CC MC
Interactions in FV - 27.1 325.7 16.0 288.1 656.8
FCFV 377 26.2 247.8 15.4 83.0 372.4
+Single-ring 193 22.7 142.4 9.8 23.5 198.4
+e-like PID 60 22.4 5.6 9.7 16.3 54.2
+pe>100MeV/c 57 22.0 3.7 9.7 14.0 49.4
+No decay-e 44 19.6 0.7 7.9 11.8 40.0
+Erec

ν <1250MeV 39 18.8 0.2 3.7 9.0 31.7
+Non-π0-like 28 17.3 0.1 3.2 1.0 21.6

The systematic uncertainty due to the SK selection
cuts is evaluated using various data and MC samples.
The uncertainty for both the FC and the FV selection
is 1%. The decay-electron rejection cut has errors of
0.2-0.4%, depending on neutrino flavor and interaction
type. The uncertainties for the single electron-like ring
selection and π0 rejection are estimated by using the SK



Multi-Ring Events
• FiTQun can currently reconstruct up to 6 

rings in a staged approach 

• Each step sequentially adds a “track-
like” (π+) or “shower-like” (e) ring 

• The chain terminates when adding a 
ring does not sufficiently improve the fit 

• Ring counting & PID are significantly 
improved
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“1-Ring” νe-CCπ+ in T2K
• The newest T2K νe sample is νe-CCπ+ 

where the π+ is below Cherenkov 
threshold 

• Still a 1-ring event, but with a Michel 
electron 

• Previously, these events were 
contaminated with νμ-CC background 

• Improved e/μ separation now allows 
for a high purity 1-ring, 1-Michel νe 
selection 

• Eventually, Theia may have a better tag 
of below Cherenkov pions via 
scintillation (if separable from protons, 
etc.), but this is not yet included

νe CC1π+ selection: reconstructed energy

! Reconstructed
energy
distribution of
CC1π+-enriched
νe sample.
FiTQun selection
yields a much
smaller numu CC
background,
which has a large
systematic
uncertainty.
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Theia νe Samples (0 vs 0+1 Decay-e)

• By adding in the new “1-ring” CCπ+ sample,  we 
see a very large gain in νe CC non-QE efficiency 

• More than 50% increase in the 2-3 GeV region 

• These events have the largest cross section at 
the DUNE oscillation maximum
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Boosted Decision Tree π0 Cut

• The best-fit likelihoods and reconstructed kinematics of the 
multi-ring fits were combined into a boosted decision tree 

• The primary goal of this cut is to remove neutral current 
(π0) background (as in the LBNE analysis)

12/12/18 THEIA collaboration meeting 18 / 30

Step 3a: BDT training
● 1,000 events for testing, all others go to training

● Signal : nue CC events  

● Background : all others

1 ring 0 decay

NC νe
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FIG. 4: Expected event rates in neutrino mode as a function of reconstructed neutrino energy for
Theia 100 after 3.5 years in the LBNF beam for the six selected neutrino-mode samples: one ring

(top), two ring (middle), three ring (bottom) with zero Michel electrons (left) or one Michel electron
(right).

of the transition region between low-energy vacuum-dominated oscillation, below 1 MeV, and matter-

dominated regime above 5 MeV, as a sensitive search for new physics effects; tests of solar luminosity

through precision measurements of pep and pp neutrinos; tests of the solar temperature and, potentially,

separation of the different components of the CNO flux to probe the extent to which this cycle is in

equilibrium in the Sun’s core.

Many of these questions can be addressed by Theia’s combination of a low-threshold directional

detector, along with the potential for isotope loading. Theia would provide unprecedented sensitivity

1-Ring Event Samples

• The 1-ring, 0-decay-e sample has a 
substantially reduced NC background 

• The new 1-ring, 1-decay-e sample increases 
the statistics by ~30% 

• The purity of this sample is also higher
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Multi-ring Samples

• Additional 2- and 3-ring samples also have controllable 
backgrounds 

• Selections have not yet been optimized for CP sensitivity
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Sensitivity
• Sensitivities produced with the 

same GLoBES framework used for 
the DUNE CDR analysis 

• Systematic assumptions are also 
consistent with the CDR  
(2% signal, 5% background, 
uncorrelated among all samples) 

• Theia disappearance samples 
are not included here (impact is 
minimal) 

• Both the CP and mass hierarchy 
sensitivity are similar for a 10 kt 
LAr module, and a 17 kt Theia 
module
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Role of the Near Detector
• DUNE will have a high granularity C 

target in the near detector (3DST) 

• This is the same detector 
technology that is being used for 
the T2K ND280 upgrade 

• The goal is to achieve 4π muon 
acceptance, and study short 
tracks near the vertex 

• Similar to T2K, the 3DST could 
provide strong LBL constraints for 
Theia 

• Several possibilities exist to add 
water or WbLS targets in the 
3DST as well



Summary I
• Theia provides a set of LBL events that are complementary to the 

LAr samples 

• Different nucleus, detector systematics, neutron detection, 
energy resolution, timing, etc. 

• Advances in Water Cherenkov reconstruction techniques provide 
substantial improvements over the those assumed in LBNE studies 

• Improved reduction of NC background and the addition of  new 
multi-particles samples have substantially improved the CP 
sensitivity of a water-based detector in the LBNF beam 

• A 17 kt Theia module can provide similar sensitivity in both CP & 
MH to a 10 kt LAr module 

• This does not include any improvements from the scintillation 
light Theia would provide 

• Many opportunities for many aspects of such a detector (optical 
configuration, DAQ, electronics, calibrations, slow controls, etc.)



Theia can enhance the LBL program, 
and expand DUNE’s physics reach!

Solar neutrinos

Michael Wurm (Mainz) THEIA 13

Objectives:
§ Precise measurement of CNO neutrino flux
§ Spectral upturn of low-energy 8B neutrinos

→ require efficient BG discrimination and sufficient light yield in 1-3 MeV range

§ THEIA25: 2D directional & spectral fit
→ CNO flux at 10% level after 5 yrs

stellar physics, solar metallicity
matter effects, BSM physics?

Spectral fit (cf. Borexino)

Directional fit (cf. Super-Kamiokande)

R. Bonventre, G
.D. O

rebiG
ann, Eur. Phys. J. C (2018) 78:435 

Solar CNO Flux @ 
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Supernova Neutrinos

Michael Wurm (Mainz) THEIA 11

Galactic Supernovae (10kpc):

Expected events: ~5,000, mostly )*+‘s from IBD

§ complementary to ,- signal in argon

§ Same location: compare Earth matter effects

§ Provide fast trigger for Lar TPCs,

especially for far-off Supernovae

(LMC: ~200 ev. In THEIA)

Detection channels can be separated due to 

neutron & delayed decay tags
§ some all-flavor (ν

e
+νµ+ντ) information

from NC reactions on oxygen

§ Enhanced SN pointing: ∼2° based on ES

with IBD background subtraction

eES 200

IBD 4000

tag eff. 90%

θ0 0.57±1.24

ϕ0 0.84±1.19

Reconstructing

ES electron

direction

SN Pointing 
@ 2°

Diffuse Supernova Neutrino Background
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DSNB detection:

§ Low-flux 2(102 cm-2s-1) ,̅- signal

→ detectable by IBD: ~2 ev. per 10 kt∙yrs

§ Requires efficient BG discrimination,

especially to atmospheric ν NC interactions

§ In THEIA:

o ring counting:

o Cherenkov/scintillation ratio
o delayed decay tags

→ signal efficiency: 95%

→ residual background: 1.7%

very clean measurement cf. JUNO & SK-Gd

Cherenkov/scintillation ratio for BG discrimination

Signal/BG spectra and observation window

THEIA25: 5 IBDs over 2.7 BG per year

→ 5σ discovery after 6 years

NC BG data by ANNIE!

5σ Observation 
of DSNB
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Supplement



Increased Fiducial Volume
• Previously in Super-K, event vertices required 

“wall” > 2 m 

• The T2K event selection is now based on 
“wall” and “towall” 

• An event with small “wall”, but large 
“towall" can be perfectly well reconstructed 

• Reconstruction performance degrades with 
small “towall”, even if “wall” > 2 m 

• New, expanded FV increases oscillated νe 
events by ~25% 

• In the latest SK atmospheric analysis (2019), 
a wall cut of 50 cm was used, increasing the 
FV even further 

• This improvement has not yet been 
incorporated into the Theia analysis
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• Estimate detector systematics in different FV regions 
using atmospheric data 

• Develop some figure of merit that takes these 
uncertainties into account 

• Determine optimal FV cut region that maximizes this 
figure of merit 

• Notes: 

• Allow different cuts for νe and νμ samples 

• Cut on two variables: 

• wall - Minimum distance between vertex and 
ID wall 

• towall - Distance to ID wall along particle 
track 

• Current T2K FV cut point:  wall = towall = 200 cm

FV Optimization Strategy

track
towall

wall
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     T2K Events in FV Regions
CCQE

CCnQE

NC

T2K νe

Entering

• Composition of T2K 
selected νe changes 
significantly near inner 
detector wall 

• Sharp peak in entering 
events for reconstructed 
vertex less than 50 cm 
from wall 

• When distance along 
reconstructed track 
becomes small, there is 
also a sharp peak in mis-
ID events

Wall [cm]

Towall [cm]

MisID (CC νμ)
T2K νe
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