
Josh Spitz (U. Michigan) and Daniel Winklehner (MIT), 5/31/2022

Prospects for new eV-scale 
sterile neutrino searches
JUNO-TAO, PROSPECT-II, and IsoDAR

Michigan Group Update
Johnathon Jordan


March 14, 2019



• The eV-scale sterile neutrino landscape


• Motivating electron-flavor disappearance searches


• Future experimental prospects


• JUNO-TAO


• PROSPECT-II


• IsoDAR

Outline
2



I would like to start off with a ‘Conclusions’ slide (taken from my talk at 
Neutrino 2014; “Future short-baseline sterile neutrino searches with 

accelerators”). 
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• The discovery of a light sterile neutrino would be a monumental 
result for particle physics and cosmology.

• The light sterile neutrino issue needs to be resolved.


• A truly definitive resolution is difficult to achieve and will likely require 
multiple detectors/experiments.


• Regardless if there is a sterile neutrino or not, a lot of important 
physics and R&D can be provided by accelerator-based short-
baseline experiments.

Taken from my talk at Neutrino 2014; “Future short-baseline 
sterile neutrino searches with accelerators”. 

Conclusions
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Unfortunately, (8 years later) the experimental situation is 

more complicated than ever, and a brief summary of the situation remains 

the same:


Anomalies remain, null results remain. The worldwide pursuit of 
understanding this physics is stronger than ever, but truly definitive 

experiments are extremely difficult to achieve.



• Less than half of the MiniBooNE excess is due to electron neutrinos (MicroBooNE).


• Long baseline and atmospheric experiments see no muon-flavor disappearance 
(NOvA, MINOS, T2K, Super-K), except maybe IceCube.


• 3+1 sterile oscillations are effectively ruled out in consideration of global data.


• But, there are some viable alternatives (e.g. 3+1+decay).


• Reactor flux modeling is hard (see: 5 MeV bump). An evolving situation!            


• No evidence of reactor anomaly (rate-only) with recent U235/Pu239 ratio.


• No single reactor experiment sees spectral oscillations at >3σ.


• Less room for steriles in tritium and cosmology measurements.


• Gallium anomaly confirmed with a modern experiment (BEST, 4-5σ).

What have we learned in the past decade?
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The short-baseline anomalies represent one of the most important 
indications of new physics we have.


But, the situation is complicated and confusing.


Is this new physics or not?


Answering this question requires multiple experiments, 
including with muon and electron flavor and with 

appearance and disappearance!
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Motivating electron-flavor disappearance searches

3.1 Decay-At-Rest Experiments 8
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Table 1: New physics explanations of the short-baseline anomalies categorized by their signature. Notation:
3– the model can naturally explain the anomaly, 3– the model can partially explain the anomaly, 7– the
model cannot explain the anomaly.
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Category Model Signature Anomalies ReferencesLSND MiniBooNE Reactor Gallium

Flavor

Conversion:

Transitions

(3+1) oscillations oscillations 3 3 3 3 Reviews and
global

fits [5–8]
(3+1) w/ invisible

sterile decay
oscillations w/ ‹4

invisible decay
3 3 3 3 [17, 18]

(3+1) w/ sterile decay ‹4 æ „‹e 3 3 3 3 [15,16,19–21]

Flavor

Conversion:

Matter E�ects

(3+1) w/ anomalous
matter e�ects

‹µ æ ‹e via
matter e�ects

3 3 7 7 [9–13]

(3+1) w/ quasi-sterile
neutrinos

‹µ æ ‹e w/
resonant ‹s

matter e�ects

3 3 3 3 [14]

Flavor

Conversion:

Flavor Violation

lepton-flavor-violating
µ decays

µ+
æ e+‹–‹e 3 7 7 7 [22–24]

neutrino-flavor-
changing

bremsstrahlung

‹µA æ e„A 3 3 7 7 [25]

Dark Sector:

Decays in Flight

transition magnetic
mom., heavy ‹ decay

N æ ‹“ 7 3 7 7 [59]

dark sector heavy
neutrino decay

N æ ‹(X æ

e+e≠) or
N æ ‹(X æ ““)

7 3 7 7 [57]

Dark Sector:

Neutrino
Scattering

neutrino-induced
up-scattering

‹A æ NA,
N æ ‹e+e≠ or

N æ ‹““

3 3 7 7 [47–56]

neutrino dipole
up-scattering

‹A æ NA,
N æ ‹“

3 3 7 7 [39–46]

Dark Sector:

Dark Matter
Scattering

dark particle-induced
up-scattering

“ or e+e≠ 7 3 7 7 [58]

dark particle-induced
inverse Primako�

“ 3 3 7 7 [58]
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Reactor and source experiments are 
uniquely sensitive to the sterile hypothesis, 

without (many) complications from other new 
physics possibilities.

If more than one of the anomalies are due 
to some kind of consistent underlying 

new physics, it is likely that sterile 
oscillations are involved.



Latest electron-flavor global sterile results

Berryman, Coloma, Huber, Schwetz, Zhou; arXiv:2111.12530

For >2σ CL, the only closed contour is gallium. 

But, it’s ~5σ and not in conflict with reactors for some parameter space.
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Figure 4. Left: confidence regions at 68.27%, 95.45%, 99.73% CL (1, 2, 3�, respectively) for
the Feldman-Cousins analysis (bands), where the bands indicate the 99% confidence spread
of the contour for 105 runs due to the finite size of our MC sample (see appendix B.4).
Dash-dotted curves are obtained under the assumption of Wilks’ theorem (2 dof). Right:
FC confidence regions for gallium, reactor, and solar data at 2�. We superimpose the 95%
exclusion limit from the KATRIN collaboration [49] (this curve fixes the lightest neutrino mass
to zero) and the Wilks’ 95% exclusion limit (2 dof) from ⌫e-12C scattering from the LSND and
KARMEN experiments [43, 44], taken from ref. [55]. Dash-dotted lines are extrapolations
assuming constant sensitivity in the mixing.

Wilks’ theorem is applicable, which may lead to an overestimation of the exclusion re-
gions, similar to the data sets studied here. Thus, due to the limited statistical power
of the KATRIN and LSND/KARMEN constraints in the region of interest, we focus
below on gallium, reactor, and solar data.

4 Global Fit Results and Consistency Tests

In this section, we combine the reactor and gallium data discussed in sections 2 and 3,
respectively, and study their consistency. In addition, we take into account information
from solar neutrinos, which provides an important constraint on large mixing angles.
The solar-neutrino analysis adopted here is based on the simplified �

2 construction
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Note: Solar and gallium 
not combined due to 

strong tension

Overall conclusions: 


-Electron-flavor anomaly is now driven by Gallium (~5σ BEST result).

-Large portions of parameter space are found to be in mutual agreement for Gallium+reactors.

-Reactor anomaly (rate) is gone and each individual reactor spectral analysis is <3σ, with 
strongest hint coming from Neutrino-4.

-Solar neutrino experiments are in tension at the ~3σ level.

Berryman, Coloma, Huber, Schwetz, Zhou; arXiv:2111.12530
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Latest electron-flavor global sterile results
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Figure 7. Confidence regions at 68.27%, 95.45%, 99.73% CL (1, 2, 3�, respectively) for
reactor+solar data (left), and reactor+gallium data (right). The bands correspond to the
Feldman-Cousins analysis, where the width of the bands indicates the 99% confidence spread
of the contour for 104 runs due to the finite size of our MC sample (see appendix B.4). Thin
curves are obtained under the assumption of Wilks’ theorem.

p0 = 1.4⇥ 10�8 (5.7�) , (reactor+gallium, max.-Gauss extrapolation) . (4.2)

If we instead use a linear extrapolation of the tail in the log-plot, (light-blue dash-dotted
line in fig. 6) we would obtain

p0 = 1.4⇥ 10�7 (5.3�) , (reactor+gallium, linear extrapolation) . (4.3)

In any case we confirm the & 5� indication in favor of sterile-neutrino oscillations of
combined reactor+gallium data, which is of course driven by the BEST result. Under
the adopted assumptions for the BEST analysis, this is a statistically robust result.

In fig. 7 we show the allowed regions for reactor+solar data (left) and reactor +
gallium data (right). For the reactor+solar data we find no closed contours at 2�
for the FC analysis, consistent with the null-hypothesis being allowed at 1.3�. The

– 19 –
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Experiments covered in this talk
IBD selection, resulting in 1 ton fiducial mass. Full detector simulation shows about 4500
photo-electrons per MeV can be detected by SiPMs, leading to excellent energy resolution.

Figure 1: Schematic of the TAO detector, which consists of central detector, calibration
system, outer shielding and veto system. The Calibration system consists of the Automated
Calibration Unit (ACU) and a Cable Loop System (CLS). A segment of the CLS cable
is located in GdLS and the start of the segment is marked P0. A coordinate system is
specified for the detector. Its origin is at the center of the central detector and its Z-axis
points upwards.

2.2 Calibration system

The calibration system contains the Automated Calibration Unit (ACU) which is reused
and modified from the Daya Bay experiment [11] and a Cable Loop System (CLS), as shown
in Figure 1. The ACU and CLS can calibrate the energy response on and off the central
axis (Z-axis), respectively.

As shown in Figure 2(a), the ACU consists of a turntable and three mechanically
independent motor/pulley/wheel assemblies. The turntable comprises two plates (known
as top and middle plates), and three assemblies that are mounted on the top plate. Each
assembly is capable of deploying a source into the detector along the central Z-axis once
the turntable revolves to a specific angle, similar to the applications in Daya Bay and
JUNO [11, 12]. An ultraviolet (UV) light source, a 68Ge source, and a combined source
that contains multiple gamma sources and one neutron source will be installed on three
assemblies, one source for each assembly.

– 3 –
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Teflon-lined Al 
containment vessel

Thin UVT acrylic 

window
Viton gasket

ClampPMT support

PMT array

Figure 11: Schematic drawing of the redesigned inner detector. Arrays of 5” PMTs are
mounted in aluminum support structures on both ends of the inner containment vessel
(for simplicity, this drawing shows only the PMTs and mounts on one side). The support
structure also reinforces the thin acrylic window between the LiLS volume and PMTs.
Mineral oil fills the spaces between the inner detector and outer containment vessel (not
shown).

to eliminate cross-talk, and (2) a full-volume calibration system [137]. The combination
of these features necessitated incorporation of PMT housings within the LiLS volume.
However, during PROSPECT-I operation, LiLS was observed to have entered the PMT
housings, leading to failures of the PMT electronics and the loss of those segments as
active target region. Additionally, the large number of required penetrations of the inner
acrylic tank combined with the diversity of materials in contact with the LiLS likely led
to the slow degradation of scintillator light yield. In light of the lessons learned from
PROSPECT-I, these design choices are reconsidered for PROSPECT-II.

4.2 Upgrades for PROSPECT-II detector

The PROSPECT collaboration has developed an evolutionary design for a detector
upgrade that addresses the technical issues encountered during operation of PROSPECT-
I, requires modification to only a minority of subsystems, and maintains the performance
required to achieve the physics goals of the experiment. As mentioned above, the
planned PROSPECT-II upgrade makes significant updates to the original PROSPECT
design only inside of the OCV. The principal change to the inner detector design moves
the PMTs outside the LiLS volume to reduce the possibility of PMT voltage divider
degradation and reduces the range of materials in contact with LiLS, thereby providing

JUNO-TAO (reactor) PROSPECT-II (reactor)

IsoDAR (accelerator-induced source)

11

(electron-flavor disappearance at short-baseline)



Overarching concept
<latexit sha1_base64="O8iBoNZGouZS8HtoE+ellMqjvPo=">AAACDXicbVDLSgMxFM34rPVVdekm2AquykwRbXdFN7qrYB/QlpJJ77ShmWRIMkIZ+gNu/BU3LhRx696df2M6raDVA4HDOfeRe/yIM21c99NZWl5ZXVvPbGQ3t7Z3dnN7+w0tY0WhTiWXquUTDZwJqBtmOLQiBST0OTT90eXUb96B0kyKWzOOoBuSgWABo8RYqZcrXAsDQgOeTcQywIWOtB3TgUlHxJMeFHq5vFt0U+C/xJuTPJqj1st9dPqSxiEIQznRuu25kekmRBlGOUyynVhDROiIDKBtqSAh6G6SXjPBx1bp40Aq+4TBqfqzIyGh1uPQt5UhMUO96E3F/7x2bIJyN2Eiiu3JdLYoiDk2Ek+jwX2mgBo+toRQxexfMR0SRaixAWbTECplr5Levki+Q2iUit5Z8fSmlK9ezOPIoEN0hE6Qh85RFV2hGqojiu7RI3pGL86D8+S8Om+z0iVn3nOAfsF5/wJygZwH</latexit>

Intense source of ⌫e
<latexit sha1_base64="bD3pWbdN1RuHp/c6ypDEFKjQEq8="></latexit>

Nearby detector (⌫ep ! e+n)

Big detector with free protons 

(e.g. H20, CH2)


⌫x

⌫e

⌫e ! ⌫x ?

⌫e
⌫e

⌫e

⌫e ⌫e

⌫e

⌫e

12

(reactor or source)

Important considerations: 

knowledge of flux, energy and baseline resolution, signal rate, backgrounds



JUNO-TAO (reactor)
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ables measuring the �m2
31, �m2

21, sin2 ✓12, and sin2 ✓13 oscillation parameters. The oscillated
spectrum in JUNO also changes subtly depending on the neutrino mass ordering, thus providing
sensitivity to this parameter. As previously mentioned, this measurement is not addressed in
this publication.

Figure 2: JUNO reactor antineutrino energy spectrum without (black) and with (grey, blue
and red) the effect of neutrino oscillation. The reactor spectra are convoluted with the inverse
beta decay cross-section and assume 6 years of data-taking. The gray dashed curve shows the
spectrum when only the term in the disappearance probability that is modulated by sin2 2✓12 is
included, whereas the blue and red curves are obtained using the full oscillation probability in
vacuum for the normal and inverted mass orderings, respectively. A detector with perfect energy
resolution is assumed for illustration purposes. Some spectral features driven by the �m2

31,
�m2

21, sin2 2✓12, and sin2 2✓13 oscillation parameters are shown pictorially, illustrating the rich
information available in a high-resolution measurement of the oscillated spectrum at JUNO’s
baseline.

3.1 The JUNO Detector

The JUNO detector will be deployed in an underground laboratory under the Dashi hill to limit
the cosmogenic background. The 650 m overburden with average rock density of 2.61 g/cm3 will
suppress the cosmic-ray muon flux to 4.1⇥ 10�3/(s·m2).

The main JUNO detector is shown in Fig. 3. The primary antineutrino target of 20 kton of
liquid scintillator is contained in a transparent 12-cm thick acrylic sphere 35.4 m in diameter.
This constitutes the largest detector of this kind, securing JUNO’s desired antineutrino statistics.
Disentangling the two oscillation modes requires the detector to have the ability to measure the
fast atmospheric oscillations, for which an unprecedented energy resolution is required. The
acrylic sphere is surrounded by 17,612 large 20-inch photomultiplier tubes (PMTs), referred to
as LPMTs, and 25,600 small 3-inch PMTs, referred to as SPMTs, yielding an integral 77.9%
photo-cathode coverage [17]. An ultra-pure water buffer with ⇠1.5 m thickness fills the volume
between the acrylic and the LPMT photocathodes. The light yield at the detector center is
expected to be ⇠1345 photoelectrons (PEs) per MeV [42]. This represents at least 2.5⇥ more
light compared to the second highest yield achieved with the same technology [43], and provides
the required 3 % at 1 MeV energy resolution for the MO determination [44]. The main detector
is fully surrounded by an ultra-pure water Cherenkov detector that serves as both an active

10

Acrylic spherical 
vessel filled with 
liquid scintillator

Water pool

Top Tracker and 
calibration house

Earth magnetic 
field compensation 

coils

Photomultiplier 
tubes

Acrylic supporting 
nodes

Figure 3: Schematic of the main JUNO detector. An acrylic sphere containing 20 kton of liquid
scintillator is immersed in water and surrounded by 17,612 large (20-inch) and 25,600 small
(3-inch) inward-facing PMTs. This Central Detector is optically decoupled from a surrounding
water pool instrumented with 2,400 20-inch PMTs providing shielding and cosmic-ray muon
tagging. A Top Tracker system consisting of three layers of plastic scintillator provides precision
tracking of cosmic-ray muons entering the Central Detector. A calibration house is used to store
the corresponding instruments deployed in the detector. Two sets of large coaxial coils running
along different axes surround the Central Detector, largely suppressing the effects of the Earth’s
magnetic field on the 20-inch PMTs’ collection efficiency.

veto for cosmic muons (efficiency >99.5%) and as a passive shield against external radioactivity
and neutrons from cosmic rays. The minimal thickness of this detector is 2.5 m. The muon
cosmic veto system is supplemented with an external muon tracker consisting of three layers of
plastic scintillator repurposed from the OPERA experiment [45] located at the top and providing
a muon track angular reconstruction precision of 0.20 �. This system covers about 60% of the
surface above the water pool. More details about JUNO’s detector design can be found in
Ref. [17]. Discussion on the detector response, the corresponding systematic uncertainties, and
their impact in this analysis, is deferred to Section 4.2.

3.2 The JUNO Nuclear Reactors

As shown in Fig. 1, the primary reactor antineutrino sources for JUNO are the Taishan and
Yangjiang NPPs, with two and six cores respectively, located at an average distance of 52.5 km.
The next closest reactor complex to JUNO is Daya Bay, whose antineutrino flux slightly degrades
the sensitivity to the oscillation parameters and is thus considered in the analysis. The reactor
power, baselines, and expected IBD rates from Taishan, Yangjiang, and Daya Bay reactor cores,
are summarized in Table 2. The Huizhou NPP, at a distance of 265 km, is still under construction
but will not be ready until several years after the start of data taking. Given the uncertainty
on its schedule, it is not considered in the analysis. Other NPPs are more than 300 km away
and contribute approximately one event per day to the total IBD rate in JUNO. As discussed
in Section 4.1, they are treated as a background. More information on the reactor antineutrino
flux prediction and the associated systematic uncertainties can be found in Section 4.3.

11

5.3 Neutrino Oscillation Sensitivity Results

The 1� uncertainty for �m2
31, �m2

21, sin2 ✓12, and sin2 ✓13 is calculated with all rate and shape
systematic uncertainties in three different regimes of data-taking time: 100 days (statistics-
dominated regime); 6 years (nominal); and 20 years (systematics-dominated regime). The 1�
limits of each parameter are obtained by marginalizing over all others, and finding the values for
which ��2 changes by a unit. The total precision obtained is summarized in Table 6. Addition-
ally, Fig. 7 shows the ��2 profiles of JUNO compared to today’s state of the art knowledge [6].
As shown there, JUNO is expected to improve upon today’s precision by almost one order of
magnitude for three out of six neutrino oscillation parameters, measuring them to the per mille
precision. In fact, about 100 days of data taking would be enough for JUNO to dominate the
world precision on those parameters, although additional improvements are expected with more
statistics. This is particularly the case for �m2

31, as coarsely quantified in Table 6, but fully
illustrated in Fig. 8 where the impact of the systematic uncertainties can be observed via the
deviation of the total sensitivity from the statistics-only limit.

Table 6: A summary of precision levels for the oscillation parameters. The current knowledge
(PDG2020 [6]) is compared with 100 days, 6 years, and 20 years of JUNO data taking. No
external constraint on sin2 ✓13 is applied for these results.

Central Value PDG2020 100 days 6 years 20 years
�m2

31 (⇥10�3 eV2) 2.5283 ±0.034 (1.3%) ±0.021 (0.8%) ±0.0047 (0.2%) ±0.0029 (0.1%)
�m2

21 (⇥10�5 eV2) 7.53 ±0.18 (2.4%) ±0.074 (1.0%) ±0.024 (0.3%) ±0.017 (0.2%)
sin2 ✓12 0.307 ±0.013 (4.2%) ±0.0058 (1.9%) ±0.0016 (0.5%) ±0.0010 (0.3%)
sin2 ✓13 0.0218 ±0.0007 (3.2%) ±0.010 (47.9%) ±0.0026 (12.1%) ±0.0016 (7.3%)

Figure 7: Comparison of 1-d ��2 distributions of oscillation parameters: Today (PDG2020,
dashed curve) v.s. projection with 6 years data taking of JUNO (solid red curve)

The breakdown of statistical and systematic uncertainties on each parameter is shown in Fig. 9
for a nominal exposure of 6 years, allowing to identify the most important systematic effects.
The statistics-only sensitivity is also provided so that the relative impact of the systematic
uncertainties can be easily seen.

The sensitivity of the two mixing angles is dominated by rate systematic uncertainties, mainly
from the reactor flux normalization and the detector efficiency, both of which affect the analysis
in the exact same way. Rate uncertainties have dominated most measurements of oscillation
parameters to date, but their impact here is mitigated by JUNO’s rich spectral shape information
that provides a constraint on the normalization. Even though the reactor correlated uncertainty
(due to the mean cross-section per fission and energy per fission uncertainties) is roughly double
the efficiency uncertainty as indicated in Table 5, their impact on the mixing angles is quite
similar as seen in Fig. 9, differing by ⇠15% relative. In fact, if these uncertainties are increased
very significantly, their impact on the precision changes very little from what it is shown. As

21

JUNO detector

JUNO oscillated spectrum

JUNO sensitivity to 3ν oscillations

• JUNO: the most ambitious reactor 
experiment ever: 20 kton w/ 78% 
photocoverage @ 53 km from 26.6 GWth. 


• Will utilize a near detector “JUNO-TAO” at 
30 m with ultra-high-energy resolution to 
maximize its sensitivity to oscillations.


• JUNO-TAO final on-site assembly/
installation in 2022.

14

JUNO, arXiv:2204.13249

JUNO
Reactor experiment



A near detector for JUNO
JUNO-TAO

An exact calculation of the survival probability can be obtained by numerical derivations
of the eigenvalues and eigenvectors of eHe↵ , in principle, for an arbitrary matter density profile
along the neutrino trajectory. On the other hand, there are also several analytical approximations
based on different expansion methods performed under the constant matter density assumption.
For some approximated analytic formulae of P(⌫e ! ⌫e) and effective mixing parameters in
matter for JUNO, please refer to, for example, Refs. [37–39]. In the following sensitivity studies,
both the exact calculation and analytical approximations were employed and found to produce
consistent results.

3 JUNO Experimental Setup

JUNO is a multipurpose experiment currently under construction in Southern China that will
use a 20 kton liquid scintillator target to study neutrinos from a variety of natural sources as
well as from nuclear reactors. Most reactor antineutrinos in JUNO will originate from 2 and
6 cores in the Taishan and Yangjiang nuclear power plants (NPPs), respectively. Both plants
are located at a baseline of about 52.5 km, which was optimized for the best sensitivity to the
neutrino MO and have a combined nominal thermal power of 26.6 GWth. Knowledge of the
unoscillated reactor antineutrino spectrum shape is important for JUNO, so a dedicated small
satellite detector [36], called TAO, will be placed at about 30 m from one of the Taishan reactors
to precisely measure it, serving as a data-driven input to constrain the spectra of the other
cores. A schematic illustrating the location of both JUNO and TAO is shown in Fig. 1. The
experiment’s main detector and the reactors considered in the analysis are described in detail in
the following Subsections.

~52.5 km

JUNO

Yangjiang NPP
6×2.9 GWth

Taishan NPP
2×4.6 GWth

TAO

8 reactors 
26.6 GWth

JUNO

~700 m

Figure 1: Setup of the JUNO experiment. The main 20 kton JUNO detector, indicated in blue,
is located in an experimental cavern at a depth of about 700 m with respect to the surface and
650 m of overburden (1800 m.w.e), at a baseline of ⇠52.5 km from six 2.9 GWth reactor cores
in the Yangjiang NPP and two 4.6 GWth cores in the Taishan NPP. The 2.8 ton TAO detector,
indicated in orange, is located about 30 m away from one of the Taishan reactor cores.

In JUNO’s location, the energy spectrum will be distorted by a slow (low frequency) oscilla-
tion driven by �m2

21 and modulated by sin2 2✓12, as well as a fast (high frequency) oscillation
driven by �m2

31 and modulated by sin2 2✓13, as shown in Fig. 2. JUNO will be the first ex-
periment to observe these two oscillation modes simultaneously. As detailed later, fitting the
data spectrum against the predicted spectrum distorted by standard neutrino oscillations en-

9

• JUNO-TAO: 2.8 ton (1 ton fiducial volume) GdLS @ 30 m 
baseline from one core (4.6 GWth) of the Taishan NPP. 


• Detector is in a basement, 9.6 m underground.


• Will provide:


• Reference spectrum for JUNO.


• Sensitivity to nuclear reactor spectrum fine structure.


• Sterile oscillation sensitivity.

4F.Petrucci - 4

XIX International W
orkshop on N

eutrino Telescopes

- JUNO-TAO: Status and Prospects

JUNO-TAO: location

26/02/21

• Nuclear Power Plant in Taishan city in 
Guangdong province; 
• 53 km from the JUNO experiment;
• Two cores currently in operation (other two 

cores might be built later);
• All reactors are European Pressurized 

Reactor (EPR) 4.6 GW power. 

• TAO detector:
• ~30 m from core 1;
• Outside of the concrete containment shell 

of the reactor core;
• In a basement, 9.6 m underground
• Access via a 1.4 × 2 × 2.7 m3 lift

Far core contributes about 1.5% to the total antineutrino rate in TAO
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IBD selection, resulting in 1 ton fiducial mass. Full detector simulation shows about 4500
photo-electrons per MeV can be detected by SiPMs, leading to excellent energy resolution.

Figure 1: Schematic of the TAO detector, which consists of central detector, calibration
system, outer shielding and veto system. The Calibration system consists of the Automated
Calibration Unit (ACU) and a Cable Loop System (CLS). A segment of the CLS cable
is located in GdLS and the start of the segment is marked P0. A coordinate system is
specified for the detector. Its origin is at the center of the central detector and its Z-axis
points upwards.

2.2 Calibration system

The calibration system contains the Automated Calibration Unit (ACU) which is reused
and modified from the Daya Bay experiment [11] and a Cable Loop System (CLS), as shown
in Figure 1. The ACU and CLS can calibrate the energy response on and off the central
axis (Z-axis), respectively.

As shown in Figure 2(a), the ACU consists of a turntable and three mechanically
independent motor/pulley/wheel assemblies. The turntable comprises two plates (known
as top and middle plates), and three assemblies that are mounted on the top plate. Each
assembly is capable of deploying a source into the detector along the central Z-axis once
the turntable revolves to a specific angle, similar to the applications in Daya Bay and
JUNO [11, 12]. An ultraviolet (UV) light source, a 68Ge source, and a combined source
that contains multiple gamma sources and one neutron source will be installed on three
assemblies, one source for each assembly.

– 3 –

JUNO-TAO
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JUNO-TAO CDR, arXiv:2005.08745



Energy resolution

• Sub-2% energy resolution at all energies!


• LS light yield: 4500 p.e./MeV. 


• 10 m2 SiPMs (94% coverage) with 50% 
photon detection efficiency, operated 
at -50o C to reduce dark noise.

10F.Petrucci - 10
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- JUNO-TAO: Status and Prospects

Copper Shell

• Support for SiPMs tiles and their readout electronics 
• Support for acrylic vessel;
• Support for cooling pipes (dissipate the heat of SiPMs

and electronics) and cable routing.
• Design of the structure:
• 2 pieces bolted onsite (for transportation)
• oxygen-free copper (TU2): 
• good thermal conductivity;
• Good mechanical strength;
• low background.

• Construction to start soon:
• Manufacturing process confirmed
• Raw material purchased
• welding technique to be qualified

26/02/21

~5x5 cm2 SiPM tiles arrangement optimized à 4024 tiles, ~94% coverage

Diameter: 1886(+2/0)mm - Thickness: 12±1mm

JUNO-TAO
16

JUNO-TAO CDR, arXiv:2005.08745
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JUNO-TAO
Sterile oscillation sensitivity

Table 2-1: Summary of the IBD signal and background simulation results.

IBD signal 2000 events/day
Muon rate 70 Hz/m2

Fast neutron background before veto 1880 events/day
Fast neutron background after veto < 200 events/day

Singles from radioactivity < 100 Hz
Accidental background rate < 190 events/day

8He/9Li background rate ⇠ 54 events/day

2.4 Energy resolution

The energy resolution is a key parameter for the TAO experiment. It is predominantly determined
by the statistics of the collected photoelectrons (p.e.). Compared with 1200 p.e./MeV in the JUNO
experiment [2], the photoelectron yield of 4500 p.e./MeV is expected considering the following
improvements.

• The coverage of photon sensors is improved to ⇠ 95% from 75% in JUNO.

• The photon detection e�ciency is improved to ⇠ 50% using SiPMs, while it is ⇠ 27% with
PMTs in JUNO.

• Smaller dimension of the TAO detector increases the photoelectron statistics by 40% due to
less photons absorbed in the liquid scintillator.

• Low temperature at -50�C could increase the photon yield of LS by ⇠ 25% [52].

The expected energy resolution as a function of energy obtained from the TAO detector simulation
is shown in Figure 2. It takes into account several detector e↵ects:

• Statistics: Preliminary Monte Carlo study shows that a photoelectron yield of about 4500
photoelectrons per MeV can be reached, providing the energy resolution required by the TAO
physics goals.

• Scintillator quenching: The quenched energy is simulated step by step in Geant4 using Birks’
law [53] as

�Eq =
�E

1 + kB
dE

dx
+ C(dE

dx
)2
, (2.2)

where kB = 6.5⇥ 10�3 g/cm2
/MeV and C = 1.5⇥ 10�6 g2/cm4

/MeV2 are Birks’ constants,
dE

dx
is the stopping power, �E is the deposited energy before quenching, and �Eq is the

quenched energy which is used to determine the mean value of the number of scintillation
photons to be generated. The interaction processes for a particle in LS is random and the
particle energy and deposited energy in each step fluctuate event-by-event. As a result, the
fluctuation of the total quenched energy presents even for monoenergetic particles.

• Charge resolution: The charge resolution of one SiPM channel is assumed to be 16% in the
simulation. The number of the SiPM channels is about 4100. The energy resolution due to
the SiPM charge resolution is 0.16/

p
Nhit where Nhit is the number of fired channels. Nhit

varies from 2800 to 4100 as a function of energy in the range of 1-10 MeV calculated from a
toy MC.

35

~3 m

1.8 m

Note: significant L/E smearing due to large extent of commercial core.

Bin to bin shape error
0 0.005 0.01 0.015 0.02 0.025
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JUNO&TAO same fission fraction

JUNO Yellow Book assumption

JUNO&TAO different fission fraction

JUNO&DayaBay

Figure 1-6: The neutrino mass ordering sensitivity of JUNO with the inputs in Ref. [2] as a function
of the input bin-to-bin shape uncertainty. The ��

2 represents the mass ordering determination
sensitivity [2], defined as the ��

2 = |�2

NO
� �

2

IO
|, where �

2

NO
(�2

IO
) is the standard �

2 of fitting
the expected data in the hypothesis of normal ordering (inverted ordering) to the simulated data.
Several cases of using TAO or Daya Bay constraint uncertainties and the JUNO yellow book [2]
result are shown as markers. The markers show the cases for di↵erent reference spectra as inputs
for JUNO.

PMNS matrix [4–6]. However, some observed phenomena are in tension with this three-flavor
paradigm, when attempting to explain them by neutrino oscillations, which are a natural conse-
quence of neutrino mixing. Those are: so-called Reactor Antineutrino Anomaly (RAA) [19], an
observed reactor ⌫̄e deficit with respect to the state-of-the-art prediction models; anomalous ⌫̄e

appearance in the ⌫̄µ beam at the LSND [28] and MiniBooNE [29, 30] experiments; and deficit
in number of ⌫e’s from radioactive calibration source in gallium experiments [31]. All those can
be accommodated if we extend our model by an additional fourth neutrino with a mass splitting
of approximate 1 eV2. Corresponding flavor state would not participate in the weak interactions,
since there are only three light active neutrinos [32], and thus it is called ’sterile’. Nevertheless, it
can still mix with the active ones and demonstrates its presence via neutrino oscillations.

We investigate the TAO sterile neutrino sensitivity in the framework of a 3+1 model, which con-
tains an additional sterile state and corresponding new mass state on top of the three known flavor
and mass states. Taking into account TAO’s short oscillation baseline, the oscillation probability
for ⌫̄e disappearance can be approximated as:

P⌫̄e!⌫̄e(L,E) = 1� 4
3X

i=1

|Uei|2|Ue4|2 sin2
�m

2

4i
L

4E
, (1.4)

where mass splittings are defined as �m
2

ij
⌘ m

2

i
�m

2

j
, mi being the mass of the i-th neutrino state,

and |Uei| are elements of the extended 4⇥ 4 unitary mixing matrix. Using the parametrization of
Ref. [33], Uei can be expressed in terms of the neutrino mixing angles ✓12, ✓13 and ✓14.

We assume a simple geometry of a cylindrical reactor with height of 3 m and radius of 2 m,
where antineutrinos are produced uniformly in this volume. The TAO detector is spherical. Its
center is placed at 10 m below the reactor center and 30 m far on the horizontal level to match the

25

3+1 oscillations assumed:
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JUNO-TAO 3yrs 5σ

PROSPECT 96days 5σ

RENO+NEOS 5σ

Best-Gallex-Sage  3σ

RAA

Global Fit 
2019 (2σ)

3+1 sterile oscillation sensitivity 
(3 years of JUNO-TAO)

• JUNO-TAO will provide world leading 
reactor-based sterile oscillation sensitivity.




Next up: Dr. Daniel Winklehner (MIT)

18



Outline
• The eV-scale sterile neutrino landscape
• Motivating electron-flavor disappearance searches
• Future experimental prospects

• JUNO-TAO
• PROSPECT-II
• IsoDAR@Yemilab

• Conclusion

1Prospects for new eV-scale sterile neutrino searches



2Prospects for new eV-scale sterile neutrino searches

• Probe 𝜈̅𝜈𝑒𝑒 disappearance from high Δm2 sterile 
neutrinos

• Tests of Gallium Anomaly (GA) with high 
sensitivity

• Test Reactor Antineutrino Anomaly (RAA)
• PROSPECT provided important results, but 

suffered from technical issues
• Loss of active volume due to LiLS entering PMT 

housings – electronics failures
• Light yield degradation over time (likely due to LiLS

contamination)

Motivation for PROSPECT-II



3Prospects for new eV-scale sterile neutrino searches

Original PROSPECT Design

https://arxiv.org/abs/2107.03934 HFIR@ORNL – www.wikipedia.org

• Deployment at High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory – 7.84 m center-to-center
• 4-ton 6Li-doped (0.08% by mass) liquid scintillator (LiLS) – 14 x 11 segments (118 cm long, 14.4 cm x 14.4 cm)
• IBD detection of protons on LiLS – 1.8 MeV threshold
• Prompt (positron annihilation, 1-8 MeV) + delayed (n + 6Li→ α + t + 4.8 MeV)
• excellent PSD provides a distinctive antineutrino signature, greatly suppressing backgrounds



4Prospects for new eV-scale sterile neutrino searches

Original PROSPECT Results

https://arxiv.org/abs/2107.03934

• Demonstrated observation of reactor 
antineutrinos in an aboveground detector

• Good energy resolution and well-
controlled backgrounds

• Limits on eV scale sterile neutrinos

• Precision measurement of the reactor 
antineutrino spectrum from 235U

• Uranium at least partially responsible for 
”bump”?

Daya Bay                                    PROSPECT@HIFR



5Prospects for new eV-scale sterile neutrino searches

• PROSPECT-II is an upgrade from 
PROSPECT addressing the challenges

• Unchanged:
• Background rejection through 

• detector segmentation
• pulse shape discrimination 

• Segmented 6Li-doped liquid scintillator volume
• Inverse Beta Decay (IBD) detection
• Minimal cosmic ray shielding (not needed)

• Principal design change moves the PMTs outside the liquid scintillator volume
• Slightly higher 6Li loading (0.1% by mass)
• Larger segment length of 145 cm  IBD rate increases to roughly 1150/day 
• Signal-to-background ratio of 4.3:1

PROSPECT-II Detector Design

https://arxiv.org/abs/2107.03934



6Prospects for new eV-scale sterile neutrino searches

• Two-year deployment at High Flux Isotope Reactor (HFIR) at Oak Ridge 
National Laboratory

• Probe Reactor Antineutrino Anomaly (RAA)
• Probe Gallium Anomaly
• Precise measurement of 235U antineutrino spectrum
• Measure the absolute flux of antineutrinos from 235U

PROSPECT-II Physics



7Prospects for new eV-scale sterile neutrino searches

• Great reach to high Δm2

• Covers much of RAA in 2 years of running
• Covers GA up to 10 eV2

PROSPECT-II Sensitivity



Outline

8Prospects for new eV-scale sterile neutrino searches

• The eV-scale sterile neutrino landscape
• Motivating electron-flavor disappearance searches
• Future experimental prospects

• JUNO-TAO
• PROSPECT-II
• IsoDAR@Yemilab

• Conclusion



Wishlist for Sterile Neutrino Experiments

• High flux  High statistics
• Continuous operation  High statistics
• Well understood (anti)neutrino spectrum (e.g. from single isotope decay)
• Shape analysis  Distinguish models (3+1, 3+2, decay, wave packet, …)
• Overburden  Background reduction
• Good detector resolution

 Definitive Experiment!
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O
verview

• Compact Cyclotron  10 mA protons @ 60 MeV (10x more current than existing)
• Target  600 kW power deposited  ~1 mole 𝜈̅𝜈𝑒𝑒 produced in 5 years from pure 8Li DAR
• Liquid Scintillator Counter   ~2M Inverse Beta Decay ev.,  ~7000 𝜈̅𝜈𝑒𝑒 − 𝑒𝑒− ES ev.

Target

Cyclotron

Beam Line

~17 m

LSC

10

In IsoDAR@Yemilab the source is brought to the detector



O
verview

LSC

Target

Cyclotron

Beam Line

~17 m

Caverns are already constructed

Physics Paper: http://arxiv.org/abs/2111.09480, PRD 2022
IsoDAR@Yemilab – CDR: http://arxiv.org/abs/2110.10635 arXiv 2021  11

Pre-approved to run at Yemilab in Korea



O
verview

Yemilab
• Underground facility at Mt. Yemi in Korea
• Operated by Institute of Basic Science (IBS)
• > 1000 m overburden (cosmic ray shielding)
• Excavation finished, LSC proposal underway
• Drive-in access

12

4. Surface office
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verview

LSC - Parameters

• Target: 
2.26 kton liquid scintillator
15 m x 15 m cylinder

• Buffer: 1.14 kton
• Veto 2.41 kton

• Prompt (e+) energy resolution:  
𝜎𝜎 𝐸𝐸 = 6.4 ⁄% 𝐸𝐸 (MeV)

• Prompt (e+) vertex resolution: 
𝜎𝜎 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 [𝑐𝑐𝑐𝑐] = ⁄12 𝐸𝐸 (MeV)

• Total 𝜈̅𝜈𝑒𝑒 IBD efficiency: 92%

13
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verview

Accelerator Requirements/Challenges

• Requirements:
• Compact, robust, cost-effective
• Continuous Wave (CW) operation, 80% duty factor (for maintenance)
• 10 mA, 60 MeV protons on target

• Challenges:
• Related to space-charge (Coulomb-repulsion of particles in bunch)
• Leads to beam spread
• Leads to non-linear behavior
• Leads to controlled and uncontrolled beam losses
• Leads to activation of the machine

(limit is 200 W in extraction region – PSI experience)

14
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verview

The IsoDAR design solves all the challenges

15

• Room-temperature coils (no cryogenics needed)
• Isochronous, cw, 80% duty factor
• Operates at 32.8 MHz (4th harmonic)
• 4 double-gap cavities 
 high energy gain/turn

• Accelerates H2
+ ions instead of protons

• Direct axial injection through a 
Radiofrequency Quadrupole (RFQ)

• Efficient bunching
• Moderate pre-acceleration

• Utilizes vortex motion 
(a beam dynamics effect during acceleration)

See also P0659



Target Design

The IsoDAR high power neutrino target
• The 10 mA proton beam is spread out 

transversally and “painted” across the ~20 
cm Be target. 

• 99.99% pure 7Li sleeve around target
• p+ + Be  spallation neutrons
• n + 7Li  8Li*  8Be + e- + 𝜈̅𝜈𝑒𝑒

16

p+

Be target Li sleeve

𝜈̅𝜈𝑒𝑒
𝜈̅𝜈𝑒𝑒

𝜈̅𝜈𝑒𝑒

𝜈̅𝜈𝑒𝑒
𝜈̅𝜈𝑒𝑒



Target Design
Target cooling with heavy water

• Heavy water is pumped through a nested-shell beryllium structure
• CFD/FEA calculations show adequate cooling, stresses, and 

deformation

17

Outer Be shell
Middle Be shell
Inner Be shell
Be Core
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verview

• High statistics
• High resolution
• Low backgrounds 
• Well known 𝜈̅𝜈𝑒𝑒 energy spectrum
• Very compact 𝜈̅𝜈𝑒𝑒 source

Target

Cyclotron

Beam Line

~17 m

LSC

18

All of it together makes IsoDAR@Yemilab a unique experiment

Great L/E resolution and statistical precision  robust L/E shape analysis



O
verviewone exotic neutrino two exotic neutrinos one that decays...

Physics 2: Unprecedented 𝜈̅𝜈𝑒𝑒 − 𝑒𝑒− elastic scatter sample (>7000 events) at low Q 

Physics 1: World-leading search for exotic (sterile) neutrinos through precision L/E measurements

19

http://arxiv.org/abs/2111.09480
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verview

Physics 4: Bump hunt in the neutrino spectrum, light X particles produced in the target  𝜈𝜈𝑒𝑒𝜈̅𝜈𝑒𝑒

Help explain 5 MeV bump in reactors?Produced by mixing w/ photons in target Sensitivity

Physics 3: Search for Axion-Like Particles (ALPs)

20

http://arxiv.org/abs/2111.09480



Conclusion

• SBL Experiments (Accel, Reactor, Source) 
hint at BSM physics  sterile neutrinos?

• Need for definitive experiments!

• On timescales from 2-5 years there are 
good prospects to cover the most 
important regions in parameter space

• 2y: PROSPECT-II  high Δm2

• 3y: JUNO-TAO  low Δm2

• 5y: IsoDAR@Yemilab full coverage

Prospects for new eV-scale sterile neutrino searches 21


